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Symposium 
Intermediary Carbohydrate Metabolism in Tumor Tissue 
(The following four papers by V. R. Potter, R. E. Olson, S. Weinhouse, and P. C. Zamecnik were pre- 


sented in Cleveland, Ohio, on April 29, 1951, before the 42nd Annual Meeting of the American Association 
for Cancer Research, Inc.) 


Studies on the Reactions of the Krebs Citric Acid 
Cycle in Tumor, with Homogenates, 
Slices, and in Vivo Technics"! 


Van R. Potter 
(McArdle Memorial Laboratory, Medical School, University of Wisconsin, Madison 6, Wis.) 


As a biochemist I am honored to be asked to have been engaged. As recently as a year ago there 
participate in a symposium at a meeting of this was considerable uncertainty as to the status of 
association, and I am sure that my colleagues on the Krebs cycle in tumor tissue. However, during 
the program are as grateful as I am for an oppor-_ the past year, advances in the laboratories of all 
tunity to present one segment of the biochemical of the speakers on today’s symposium have done 
point of view for your consideration. We do not much to dispel this uncertainty, while at the same 
advocate this view to the exclusion of others. In- time raising new issues. It seems reasonable to 
stead, we feel that in the presentation of our views hope that this symposium may help to illuminate 
to this audience we can benefit by hearing the the new problems that we face by clarifying the 
comments and criticisms of our fellow-members of position which we have now reached. 
the association who are more experienced in the in- Turning now to the general aspects of today’s 
tricacies of cancer biology than we are. symposium, we might first attempt to justify the 

In the time allotted to me I should like first to study of carbohydrate oxidation in tumors. In 
discuss the broad aspects of the problem, in order order to do this we have to consider growth from 
to show why the study of oxidative carbohydrate the biochemical point of view. In growing cells 
metabolism of tumors may be relevant to the phe- there is a continual synthesis of protein, nucleic 
homena of their uncontrolled growth. Following acids, and other complex substances. Nearly all of 
this, I would like to trace the development of my _ these large and complicated molecules are built up 
_ own thoughts on the Krebs cycle oxidations in tu- from smaller molecules. It is important to note 

iors in terms of the experiments with which we _ that the smaller building blocks do not necessarily 
* have to be built into new cell material. Instead, 
reproduced here if bibliographic citations are available. yA may have many memperoar ee S open 
t This wo . to them, as was recently emphasized In a review 

American Come fen ees epee by Potter and Heidelberger (16). Thus, a molecule 

_ on Growth of the National Research Council. of lactic acid, for example, does not have to be 
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burned to carbon dioxide and water. Under certain 
conditions it may be converted along an alternative 
pathway through several intermediate steps and 
combined with ammonia to form glutamic acid, 
which as an amino acid can be used to build pro- 
tein. These alternative pathways are like switches 
in a railroad yard, and the fact of their existence 
raises the question of whether the zncreased growth 
of tumor tissues can be related to a decrease in the 
oxidative pathways operating to switch the flow 
into a pathway resulting in growth. This seems at 
first like a simple and naive way to explain the 
complicated phenomenon of uncontrolled growth, 
but we have shown in one case that the actual op- 
eration of such a metabolic switch can be a very 
subtle and intricate mechanism (23). It is an un- 
derlying assumption in this work that by starting 


PROTEINS, NUCLEIC ACIDS 
‘Enzyme Amount, or 


decreased? Enzyme Activity? 


increased? 


AMINO ACIDS (& Labile Protein) ——— 

increased? decreased? 
(sequential block 

data) 


CITRIC ACID CYCLE Sncreased? 
decreased? 


Competition 
for substrates? 


C02 


Cuart 1.—Possible explanations for continuing protein 
and nucleic acid synthesis in tumor cells. 


with known metabolic pathways such as the Krebs 
citric acid cycle we can work back to switches or 
branches as yet unknown, and come finally to one 
or more switches of far-reaching importance. As 
Zamecnik (27) recently said, ““The interrelations 
of protein, carbohydrate, lipid, and nucleic acid 
chemistry are being found to be increasingly nu- 
merous, and an alteration in the metabolism of one 
may likely produce an effect in all.’’ No doubt this 
is a view in which all of the speakers concur. There 
are hundreds of anastomoses and interconnections 
in the metabolism of all of these substances, and 
each of us enters the maze in terms of his own 
background. 

The immediate problem of the present sym- 
posium is the nature of oxidative carbohydrate 
metabolism in tumors, but this problem must be 
viewed in relation to other metabolic pathways 
and to the larger problem of growth control. It is 
important to note that the Krebs citric acid cycle 
is significant not only for carbohydrate oxida- 
tion but also because it forms the terminal mecha- 
nism by which fats and proteins are ultimately 
oxidized to carbon dioxide. This is an additional 
basis for entering the maze at this point, although 


entry at any point quickly involves the whole con, 
plex of reactions. 

The present symposium probably will not jp. 
volve anaerobic carbohydrate metabolism. The 
rapid conversion of glucose to lactic acid in tumors 
is now quite generally understood to occur by way 
of the phosphorylated intermediates of the Em}. 
den-Meyerhof scheme, owing to the excellent work 
of LePage, of Meyerhof, and others. New studie; 
on the alternative pathways that may lead to the 
synthesis of the ribose and desoxyribose sugar 
components of nucleic acids and nucleotides are 
in progress in several laboratories and may reach 
a decisive stage within the next few years. 

For the present, however, we will be more cop. 
cerned with oxidative carbohydrate metabolism 
and its possible relationship to growth. For some 
reason, as yet unknown, the tumor acts as a “nitro. 
gen trap,’ to use a term coined by Mider and co. 
workers (8). By this it is meant that instead of 
having the nitrogen output approximately equal 
to the input, as in the normal nongrowing cell, the 
tumor cell takes in compounds containing nitrogen 
and uses them to synthesize protein and nucleic 
acid for continued cell duplication. Of course, cer- 
tain normal cells are able to do this too, but the 
process is somehow controlled. 

If we look at the process in more detail, in terms 
of the metabolic switches or alternative pathways 
referred to earlier, we can set up several categories 
or over-all stages in metabolism and begin to test 
the various possibilities. As we examine Chart 1, 
we can see that the increased activity of the syn- 
thetic processes in tumors could conceivably come 
about either as an increase per se in one pathway, 
or by a decrease in an opposing or competitive 
process involving the same compound. When we 
begin to talk about “‘increases”’ or “decreases,” we 
have to ask what shall be the standard for con- 
parison, what control tissues are most appropriate, 
and what kind of information our technic wil 
yield. Some of the answers to these questions may 
be brought out by following the course of my own 
search for controls and for technics. | . 

Before describing the work carried out in our 
laboratory, it should be mentioned that the idea 
of a deficiency of oxidative enzymes in tumor tissue 
may be found in a number of earlier studies. Time 
does not permit an adequate survey of the early 
work of Warburg (25), the perfusion experiments 
of the Coris (3, 4), the work on cytochrome ¢ by 
Euler and others (see 5), on succinoxidase by El- 
liott and by Salter (see 24), and the demonstration 
of high levels of lactic acid in tumors in situ by 
LePage (7). Some of these studies, in retrospect, 
raise the question of the rate of blood flow through 
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tumors and the rate of oxygen consumption in 
situ based on A-V differences for which data do 
not appear to be available. . 

[ should now like to mention briefly some of our 


own studies on the amount of various oxidation 


enzymes in tumor tissues. Emphasis was placed 
upon quantitative estimations In so far as possible 
rather than a report of presence or absence. In the 
early work we were greatly aided by Dr. DuBois 
and Dr. Schneider, who were students at that 
time. We began by measuring the cytochrome c 
content of the various tissues (5) and progressed 
to cytochrome oxidase and succinic dehydrogenase 
(24) and later to the malic dehydrogenase system 
(13). More recently, a cytochrome reductase has 
been studied by Dr. Reif (22). In the earlier stud- 


TABLE 1 


SUCCINOXIDASE ASSAYS OF VARIOUS NORMAL 
AND TUMOR TISSUES (REFER- 
ENCES 2, 24) 


Succin- 
oxidase 
Tissue Qo. 
Rat heart 219 
“ kidney 195 
“liver 88 
«brain 49 
“ spleen, lung, ten different types 10-25 
of rat and mouse cancers in- 
cluding hepatomas and embryon- 
ic rat liver and brain 
Mouse skin cancer 16 
Mouse skin (epithelium) 4 


ies, from five to ten specimens of each tissue were 
tested. A pattern began to emerge, according to 
which certain tissues were high in these closely re- 
lated enzymes. These tissues were heart, kidney, 
liver, and brain, given in decreasing order. 
Another group of tissues contained much less of 
these enzymes, and contained amounts similar to 
those found in the various kinds of tumors. These 
studies were greatly illuminated by a number of 
studies made at St. Louis by Carruthers and 


' Suntzeff, one of which (2) is included for compari- 


son with our figures (Table 1). This emphasizes 
the problem of controls, for if liver tumors are 


compared with liver they are low in succinoxidase 


(24), but if skin tumors are compared with skin 


_ they are high in succinoxidase (2). These results 


may indicate that the ratio between different kinds 


of enzymes may be more significant than indi- 
vidual values. 


In 1945 Lehninger demonstrated fatty acid oxi- 
ation in the absence of cell structure in prepara- 
lions from liver, and we were able to confirm his 
using whole isotonic homogenates, 


measured disruption of mitochondria instead of 
whole cells (12, 19). In a subsequent study we 
were unable to detect any fatty acid oxidation in 
hepatoma homogenates under the same conditions 
that were effective with liver (17). This finding 
can now be easily explained in the light of subse- 
quent results to be mentioned below. 

By 1945 we were also studying the whole Krebs 
cycle with its coupled phosphorylations and oxida- 
tive systems. In this system there are so many 
components that the limiting enzyme is not clearly 
defined, and maximum oxygen uptake depends 


‘upon the presence of a number of substrates. We 


chose oxalacetic acid, because its removal could 
be followed analytically and because it would pro- 
vide pyruvate (19). The latter fact meant that 
with one substrate the Krebs cycle could be initi- 
ated. We now know that a mixture of pyruvate and 
fumarate is probably better for this purpose. The 
Krebs cycle and fatty acid oxidations in whole 
homogenates or preparations derived therefrom 
are remarkable in that the relation between the 


Regulated in Intact Cells, 
Increased by Homogenizing Cells, 
Decreased by Fluoride, 


Phosphate 
Phosphate Inorganic 
Bond (ATP) Acceptors Phosphate 
Reservoirs 
Restoration Activation 
KREBS CYCLE 
OXIDATIONS 


INTACT KREBS CYCLE ENZYMES 


Blocked by ATP 
Disintegrated Krebs Cycle Enzymes 


(CHART 2.—Breakdown of adenosine triphosphate in relation 
to activation and maintenance of Krebs cycle oxidations. 


oxidations and the process of phosphorylation is 
still very intimate, just as it is in the intact cell. 
However, there are two features that are note- 
worthy. First, the rate of oxidation is governed by 
the rate of ATP breakdown and, second, the main- 
tenance of the oxidative enzymes is dependent up- 
on the maintenance of ATP (Chart 2). In an intact 
tissue or in a tissue slice, the intracellular enzymes 
are segregated, and phosphate breakdown is regu- 
lated. When we homogenize these cells, enzymes 
formerly segregated are dispersed, and phosphate 
breakdown increases. In tissues that have a high 
level of Krebs cycle enzymes, this increased phos- 
phate breakdown results in a rate of oxygen up- 
take in homogenates that is much greater than can 
be attained in a slice. These tissues are heart, kid- 
ney, liver, and brain. However, in tissues in which 
phosphate breakdown cannot be counterbalanced 
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by the Krebs cycle oxidations, the oxidative en- 
zymes quickly disintegrate in homogenates. The 
latter situation is found in the case of tumor 
tissues. 

In 1948 (19), we reported that there was no de- 
tectable oxidation of oxalacetic acid in various tu- 
mor homogenates. It was pointed out at that time 
that excessive phosphate breakdown might explain 
the results,! and subsequent studies on tumor ho- 
mogenates proved this to be the case (20). How- 
ever, at that time we attempted a study in which 
the phosphate reservoir was maintained by gly- 
colysis, but found no evidence for the oxidative 
removal of oxalacetate (18), possibly because 
oxalacetate is a powerful hydrogen acceptor. 

At about this time, Dr. Heidelberger set up fa- 
cilities at the McArdle Laboratory for work with 
radioactive isotopes, and it was possible to test 
for the oxidation in tissue slices, in which excessive 
phosphate breakdown and enzyme loss might not 
occur. Labeled acetate was added to tissue slices, 
and the C“Q, was collected and counted. The rate 
in the tumor slices was about 3 per cent as great 
as in kidney, and the data were in line with the 
earlier reports by Elliott et al. (6), in which acid 
disappearance was low in tumors when pyruvate 
was the substrate. These acetate studies by 
Pardee, Heidelberger, and Potter (10) strength- 
ened the growing conviction that a key enzyme 
was lacking in the Krebs cycle in tumor tissues. 
The idea was further strengthened by a study by 
Potter and Busch (14) on citrate formation in the 
tissues of animals in which citrate oxidation could 
be blocked by injecting fluoroacetate as shown by 
Buffa and Peters (1). No citrate accumulated in 
tumor tissues. However, a report by Olson and 
Stare claimed (9) that labeled pyruvate could be 
oxidized by tumor slices. Both carbonyl- and car- 
boxyl-labeled pyruvate were prepared, and a new 
series of slice experiments was undertaken with the 
help of Mr. Watson. The data confirmed both our 
earlier work in that acetate was very poorly oxi- 
dized, and the work of Olson and Stare in that 


1**The observation ...that isotonic tumor homogenates 
are unable to oxidize oxalacetate under the conditions de- 
scribed above does not prove that the original tumors are de- 
void of one or more of the enzymes required for this oxidation, 
although it seems likely that the tumors must contain very 
low amounts of the enzyme system. The data could also be 
obtained if the phosphorylating mechanisms that maintain the 
oxidative system (and are maintained by it) are inadequate to 
keep pace with the decay of the oxidative system: the isotonic 
tumor homogenates that have been studied could have little 
or none of the oxidative system or they could have a prepon- 
derance of the breakdown mechanisms such that no activity 
could be demonstrated under the conditions employed. In 
either case, the fact remains that a marked difference between 
a number of normal tissues and tumors has been demon- 
strated”’ (19). 


pyruvate was effectively oxidized (Potter, Watson 
and Heidelberger).? Without going into details, jj 
was found that Flexner-Jobling carcinoma slice, 
oxidized carbonyl-labeled pyruvate to CO, at : 
rate that was about 25 per cent as high as that of 
kidney. The use of inhibitors of stages in the Krebs 
cycle were in line with the idea that the pathway 
proceeded via the Krebs cycle. However, whey 
acetate was used, an entirely different picture was 
obtained. In confirmation of earlier results (10) the 
Flexner-Jobling tumor failed to oxidize acetate, 
and, moreover, fluoroacetate was without effect. 
Acetate was oxidized to only 74, the extent seen 
in kidney. The addition of glucose to improve the 
viability of the tumor slices had a significant but 
slight effect. When hepatoma slices were used, the 
acetate oxidation was about ;5 as great as that of 
kidney. Meanwhile, Dr. Weinhouse had obtained 
acetate oxidation as well as fatty acid oxidation in 
tumor slices and had kindly sent us his data (26), 
At present no explanation of the difference in re- 
sults is available. Our data were obtained with 
only one to two slices of tumor or kidney per flask, 
and there was no bicarbonate or CQ present. Dr, 
Weinhouse used larger amounts of tissue, and this 
may possibly explain the difference. 

In the light of the slice results, i.e., pyruvate 
oxidation in tumor slices, we returned to the idea 
that the phosphate breakdown in tumor homoge- 
nates was excessive and had to be blocked. Fluo- 
ride was the logical addition, and at fairly high lev- 
els of fluoride the homogenate (Flexner-Jobling 
carcinoma) was able to oxidize pyruvate and 
fumarate, at rates equivalent to that in slices (20). 
Earlier tests with fluoride added to kidney and 
liver had given inhibition. Now, of course, it is ob- 
vious that fluoride will inhibit if phosphate break- 
down is limiting and will be of benefit if phosphate 
breakdown is excessive: Since the rate of oxidation 
is dependent upon the availability of both inor- 
ganic phosphate and a phosphate acceptor, pre- 
sumably adenosine diphosphate (ADP), and since 
fluoride inhibits the breakdown of ATP to ADP 
and inorganic phosphate, the addition of fluoride 
to liver and kidney homogenates will inhibit the 
rate of oxidation, because in these tissues the 
Krebs cycle enzymes can convert ADP to AT? 
faster than phosphatase action can dephosphory!- 
ate ATP. However, since too much ATP break- 
down is accompanied by the breakdown of one 0 
more components of the enzyme complex - 
sponsible for the Krebs cycle oxidations, the m- 
hibition of this breakdown will have a beneficil 


2V. R. Potter, L. S. Watson, and C. Heidelberger, The 
Oxidation of Labeled Pyruvate and Acetate in Tumor Tissue 
(in manuscript). 
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effect in a tissue like the Flexner-Jobling carci- 
noma, in which the ratio of ATP-ase to Krebs 
evele oxidation is much higher than in liver or 
kidney. 

In attempting to rationalize the fact that the 
tumors have low levels of oxidative enzymes, as 
determined by a number of valid assays by the 
homogenate technic, but exhibit oxidative rates in 
slices comparable to those in liver and kidney, we 
ave been led to the conclusion that the main rate- 
limiting factor in the tumor slice is the amount of 
the oxidative enzymes, while in the liver or kidney 
ice the oxidative enzymes are in excess and the 
rate-limiting factor is either substrate, phosphate 
acceptor, or inorganic phosphate (cf. 11, 21). This 
interpretation of the data obtained by the slice 
and by the homogenate technic has important 
implications regarding the uncontrolled growth of 
tumors, since if correct it would mean that build- 
ing blocks for growth might be available at higher 
concentrations in tumor tissue than in nongrowing 
normal tissues, as indicated in Chart 3. 

Since the studies with the homogenate and the 
slice appear to be measuring different properties, 
it was of interest to explore further the possibilities 
in the whole animal by use of a technic (15) based 
on earlier findings by Buffa and Peters (1). Potter 
and Busch (14) had shown that following the in- 
jection of fluoroacetate, spleen and thymus accu- 
mulated large amounts of citrate, while tumors 
and liver accumulated none. Yet spleen and thy- 
mus had no more oxidative enzymes than tumors, 
while liver had a great deal more of these enzymes 
than tumors, as proved by the homogenate tech- 
nic. Further studies have now been carried out on 
liver, since it could be shown that great variations 
could be obtained experimentally. It has been 
found that low citrate values following the fluoro- 
acetate injection are found only in males, not in 
females. However, if the females are fasted the 
value falls to that of the males, and then rises. On 
the other hand if the males are placed on a low pro- 
tein diet their livers develop a transient ability to 
accumulate citrate.? These results suggest that the 
operation of the Krebs cycle in normal tissues is 
modified in vivo by hormone or other factors not 
vel apparent in slices or homogenates. Thus far 
tumors have not been found to accumulate citrate 
in the fluoroacetate test, but further studies on 
hoth hormones and other in vivo factors are in 
progress. 


In summary, the following points may be taken 


*V.R. Potter, H. Simonson, and R. K. Boutwell, Citrate 


oe in Livers of Fasted and Protein-depleted Rats 


Ae 
Fy owing Injection of Fluoroacetate (in manuscript). 


to represent our interpretation of the data avail- 
able up to this point: 

1. Both slice and homogenate technics are in 
agreement that the enzymes of the Krebs cycle 
and the oxidative pathways are not missing from 
tumor tissues. 

2. The homogenate technic shows that a limit- 
ing enzyme or group of enzymes in the oxidative 
complex is in tumors in amounts (capacities) 
roughly equivalent to the levels in spleen, thymus, 
lung, and embryonic tissue, and at levels much 
lower than are found in liver, kidney, and heart. 

3. Since these differences are not apparent in the 
Qo, or the Qcuo, of tissue slices, the slice experi- 
ments do not measure the relative amounts (ca- 
pacities) of these enzymes in the various tissues. 


KIDNEY (Enzyme excess) TUMOR (Substrate excess) 


““~ pyruvic acid 


(0) <— (25) 
“lactic 
acid 


L 


Homog:( 195) 
Slice: 21) 


Aperture = Enzyme Amount (18) 
Outflow = Enzyme Activity ( 7) 


Cuart 3.—Comparison of data from slices and homo- 
genates. The figures 195 and 18 refer to the succinoxidase Qo, 
values for homogenates of rat kidney and Flexner-Jobling 
tumor, respectively, while the figures 21 and 7 refer to the 
Qo. of the two tissues using the slice technic with pyruvate 
as substrate. 


4. Experiments with whole animals using fluoro- 
acetate to block citrate oxidation in situ suggest 
that the enzyme activity of tissues in situ may be 
different than ether the homogenate or slice would 
indicate at this time. 

5. Attempts to obtain citrate accumulation in 
tumor tissue following fluoroacetate injection have 
been thus far unsuccessful, suggesting that one or 
more of the factors that limit citrate accumulation 
in situ is operative in tumors under conditions thus 
far observed. 

6. Since both the homogenate and the slice tech- 
nics indicate that the enzymes of the Krebs cycle 
are present and probably no lower in tumor than in 
spleen and thymus, the failure of the tumor to ac- 
cumulate citrate following fluoroacetate remains 
unexplained. However, the experiments with liver 
in male and female rats demonstrate that, in the 
whole animal, hormone-enzyme interactions may 
modify enzyme activity in a way that overshadows 


‘the differences seen in slices or homogenates. 


7. The comparison of results obtained by means 
of homogenates, slice technics involving isotopic 
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tracers, and whole animal studies lead inescapably 
to the conclusion that these studies measure dif- 
ferent rate-limiting phenomena, and that any ex- 
planation of cancer metabolism based on one tech- 
nic must be examined by the supplementary data 
provided by the other technics. 
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Paper No. 2 in the Symposium on Intermediary Carbohydrate 
Metabolism in Tumor Tissue 


Oxidation of C*-labeled Carbohydrate Intermediates 
in Tumor and Normal Tissue” 


Rospert E. OLson 


(Department of Nutrition, Harvard School of Public Health and Department of Biological Chemistry, 
Harvard Medical School, Boston, Mass.) 


Attempts to characterize the metabolic pattern 
in neoplastic tissue have occupied the attention of 
hiochemists for over 4 decades. The search for a 
ingle distinguishing biochemical characteristic 
which is inclusive of all tumors and exclusive of all 
normal tissues has not been fruitful, although most 
tumors, regardless of histogenesis (17), tend to 
demonstrate a somewhat characteristic pattern in 
metabolizing glucose when studied 2n vitro. A high 
anaerobic glycolysis, a moderately high aerobic 
slycolysis, a moderately good Pasteur Effect, a 
moderately high respiration, and a respiratory 
quotient which is intermediate between 0.7 and 1.0 
are some of the biochemical properties which are 
noted quite constantly in a high proportion of ma- 
lignant tumors (6). 

In his classical studies of tumor metabolism 
Warburg (53) placed great emphasis upon the 
relatively high rates of aerobic glycolysis shown by 
iumor slices as evidence for a defect in respiration 
which distinguished them from normal tissues. 
Dickens and Simer (10) then pointed out that tu- 
iors, in contradistinetion to normal tissues (brain, 
retina, embryo) having a high anaerobic glycolysis, 
owed respiratory quotients of only 0.85 instead 
f 1.0 when incubated aerobically with glucose. 
Next it was shown that the concentration of a 
lumber of oxidative enzymes was reduced in 
‘trlous tumors. Schneider and Potter (47) re- 
ported that the succinic acid dehydrogenase, cyto- 
cirome ec, and cytochrome oxidase activities of the 
rat hepatoma were only 22-30 per cent of those 
‘und in normal liver. Catalase was reported by 
breenstein et al. (18) to be absent in transplanted 

* Supported in part by grants-in-aid from the National Can- 
" Institute, The National Institutes of Health, Public Health 
“tvice, Bethesda, Md.; The American Cancer Society, via an 


7 ational Grant to Harvard University; and the Nutrition 
*undation, Ine., New York, N.Y. 


hepatoma, and a number of flavin enzymes (p- 
amino acid oxidase, cytochrome c reductase, and 
xanthine dehydrogenase) have been found to be 
markedly reduced by other investigators (48, 40, 
17). In addition to this, Pollack, Taylor, and Wil- 
liams (37), Shack (48), and Kensler, Sugiura, and 
Rhoads (20) have shown that the level of certain 
vitamins of the B-complex and their associated 
coenzymes are greatly reduced in tumors. The data 
on this subject for the primary rat hepatoma are 
shown in Table 1. 


TABLE 1 


PERCENTILE B-VITAMIN AND COENZYME 
CONTENT OF HEPATOMA 
VALUES FOR NORMAL LIVER = 100 PER CENT 


Vitamin* Per cent Coenzyme Per cent 
Thiamine 28 Cocarboxylase 
Riboflavin 13 Flavin-adenine dinu- 177 
Nicotinic acid 17 cleotide 
Pyridoxine 11 DPN 11f 
Pantothenic acid 10 Pyridoxal-PO,§ 
Biotin 10 Coenzyme A 33]|| 
References: 

* (37) 

t (48) 

t (20) 


§ Cohen et al. (8) have shown that transaminase in hepatoma is reduced 
to re per cent of that found in normal liver. 
(34) 


It was this peculiarity of tumor tissue which 
first attracted our attention to the problem of tu- 
mor metabolism 2 years ago, at which time we 
were concerned experimentally with the effects of 
vitamin deficiency and depressed tissue coenzyme 
levels upon the metabolism of surviving tissues 
(28-30, 33). As seen in Table 1, six vitamins of the 
B-complex occur in hepatoma to the extent of only 
10-28 per cent of their concentration in normal 
liver. This amount of depletion of a vitamin in a 
normal tissue almost invariably leads to changes 
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in tissue metabolism, and it seemed not improb- 
able that if a tissue undergoing carcinogenesis lost 
up to 90 per cent of its vitamin and coenzyme con- 
tent, some of the alterations in metabolism found 
in the neoplastic tissue might be explicable on this 
basis. On the other hand, it seemed unwarranted 
to draw conclusions about the efficacy of any given 
reaction in tumor tissue without exhaustive study, 
since the malignant tumor, despite its apparent 
deficiencies, appears to metabolize and grow in a 
highly effective manner. 

Previous studies in our laboratory had shown 
that the effect of depletion of a given coenzyme in 
heart muscle by dietary restriction of the ap- 
propriate vitamin in rats and ducks gave unpre- 
dictable effects upon the metabolism of surviving 
tissue preparations. In thiamine (30) and biotin 
(29) deficiencies, the oxidation of pyruvate was 
markedly reduced in slices, whereas in pantothenic 
acid deficiency (33), even with reduction of cardiac 
coenzyme A to 20 per cent of normal, there was 
only a minimal effect upon pyruvate oxidation 
when studied with C!4-labeled pyruvate. When 
pyruvate oxidation was studied in homogenates of 
pantothenic acid-deficient heart muscle, however, 
a marked defect, particularly in the oxidation of 
the C.-fragment derived from pyruvate, was ob- 
served. It was shown, furthermore, in homoge- 
nates of deficient ventricle, that citrate formation 
from pyruvate and fumarate was markedly re- 
duced and could be restored by addition of coen- 
zyme A (27). It appeared, therefore, that the en- 
zymic architecture of the slice (and presumably 
the whole organ) was such that depletion of one 
factor required in the oxidative process might oc- 
cur without serious effect, while the depletion of 
another co-factor required in a different step might 
seriously inhibit the same oxidative process. Com- 
parative study of both slices and homogenates in 
deficient tissues where respiration was maintained 
in slices also seemed indicated. A study of hepa- 
toma from this point of view seemed particularly 
attractive because of the moderately good respira- 
tion observed in slices of this tumor (6), despite 
the general poverty of respiratory catalysts and 
coenzymes. 

In studying the metabolism of oxalacetate and 
pyruvate in fortified homogenates, Potter, Le- 
Page, and Klug (42) noted that while preparations 
of brain, liver, kidney, and heart tissue respired 
well in the presence of these acids, those of the 
primary hepatoma and two other tumors did not. 
Even with an actively glycolyzing system to main- 
tain ATP levels in the tumor homogenate, the oxi- 
dation of oxalacetate was found to be negligible 
(41). Since the oxygen uptake reported for these 


experiments with tumor homogenates was much 
lower than that observed in slices of these tumors 
it occurred to us that these discrepant results 
might be analogous to those obtained by us with 
homogenates and slices of pantothenic acid-def. 
cient cardiac muscle slices. In this situation it was 
apparent that, although the depression of tissye 
coenzyme A levels was not sufficient to depress the 
oxidation of pyruvate in the slice, upon homogeri- 
zation of the tissue with further dilution, the cop. 
centration of coenzyme A became limiting. Since 
the hepatoma is depleted not only of many coen. 
zymes but also of certain apoenzymes, it seemed 
not unreasonable that its respiration should be 
abolished by homogenization. 

Studies of the comparative respiration of ho- 
mogenates and slices of the primary rat hepatoma 
were thus undertaken. It also seemed important 
to carry out a series of studies of the rate of oxida- 
tion of glucose and a number of carbohydrate in- 
termediates labeled with radioactive carbon by 
slices of tumor, since, to our knowledge, no such 
study had been described in the literature. The 
use of tagged substrate, furthermore, seemed to 
provide the perfect opportunity to determine the 
actual magnitude of the oxidative pathway in tu- 
mor tissue and attempt to define the nature of the 
“defect,” if any, which has been purported to exist 
in tumor respiration. The fate of labeled glucose, 
pyruvate, natural and unnatural lactate, acetate, 
and succinate have been studied in order to deter- 
mine the disposition of substrate at various stages 
in the scheme of carbohydrate breakdown. Vary- 
ing initial concentrations of substrate were used in 
order to evaluate mass action effects. 


PROCEDURE 


The tumor used in this study was the primary 
hepatoma induced by feeding young rats of the 
Sprague-Dawley (Hisaw) strain m/-methyl-p-d- 
methylaminoazobenzene at a level of 0.06 per 
cent in a diet moderately low in protein (12 per 
cent casein) and riboflavin (2 mg/kg) (15). The 
rats were kept on the carcinogenic diet for 
months and then fed Purina Chow until hepatic 
tumors were palpable, at which time the animals 
were sacrificed for in vitro metabolic studies. Con- 
trol animals received the experimental diet less 
azo dye for 3 months and then Purina Chow until 
used. Liver slices from fasted control rats were 
used as the control normal tissue in all exper 
ments, and heart, brain, and liver slices from fed 
control rats were used in a few experiments. Only 
white, firm, grossly non-necrotic hepatoma nod: 
ules were selected for experiments with tumor Us 
sue, and upon microscopic examination these pr 
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sented the pathological picture of mixed hepato- 
ma-cholangioma, with the ratio of hepatoma to 
cholangioma cells 7:1 or higher. Figure 1 shows a 
portion of a section of azo dye liver tumor which is 
almost exclusively hepatoma, and Figure 2 shows 
a portion of another section showing mainly the 
cholangioma formation. 

The standard Warburg technic was employed 
in these experiments. Thin slices or homogenates 
of hepatoma and other normal tissues were in- 
cubated aerobically with radioactive substrates in 
a phosphate-saline medium (29) at 37° for 1 hour. 
The oxygen consumption was determined mano- 
metrically, the rate of oxidation of labeled sub- 
strate was determined by counting the activity of 
the C“O, trapped in the center well with KOH, 
and the rate of substrate disappearance by apply- 
ing either chemical (29), physical (36), or enzymat- 


and the sodium salt recrystallized from dilute etha- 
nol (33). Carboxyl-labeled succinate-C™ was pre- 
pared from unlabeled lithium acetylide by carbona- 
tion with CO; and subsequent catalytic reduction 
of the acetylenedicarboxylic acid (51). The final 
product melted at 190° and showed no depression 
when mixed with authentic succinic acid. The ra- 
dioactivity of these compounds was determined 
by the wet combustion method of Van Slyke and 
Folch (57), and oxidation rates in vitro were deter- 
mined by precipitating the C'4Q, trapped in the 
center well as BaC'“O; which was counted on 
planchets with an end-window Geiger-Miiller 
counter (29). All metabolic data including gas ex- 
change, CQO, production, and substrate utiliza- 
tion are expressed in terms of metabolic quotients 
(Q) which are defined as the number of ul. of gas 
or substrate (1 um = 22.4 ul.) used or formed per 


TABLE 2 
METABOLISM OF PYRUVATE IN SLICES AND HOMOGENATES OF HEPATOMA AND NORMAL LIVER* 


No. oF Qos 

EXPERI- PYRUVATE 

TIssuE MENTS PREPARATION 5 mm/1 
Hepatoma 12 Slice 7.0 
4 Homogenate 1.5 
Liver 7 Slice 7.4 
4 Homogenate 6.8 


VALUES IN TERMS OF Qpyruvate 


Total Lactate Net C1402 

A formed A (from 1-C™%) (from 2-C!‘) 
—4.1 +1.8 —2.3 +1.8 +1.2 
—2.5 +2.3 —0.2 +0.1 trace 
—5.0 +1.0 —4.0 +2.1 +0.9 
—4.0 +0.7 —3.3 +3.0 +0.4 


* 0.5 MI. of 10 per cent homogenate in KCl was added to prepared Warburg flasks containing 2.5 ml. phosphate-saline with pyruvate-1-C™ 
(5 X 10-3 Mm) or pyruvate-2-C!4 (5 & 10-2 m), ATP (10-3 m) and cytochrome c (10-5 m). The gas phase for homogenate experiments was air; 


for slices, 


ic technics (52) to the contents of the Warburg 
flask at the end of the period of incubation. Sev- 
eral radioactive substrates were used at concentra- 
tions ranging from 2.5 to.40 mm/1. Uniformly la- 
bled glucose-C'4 was prepared photosynthetically 
from CO, as plant starch (23) and recrystallized 
with carrier after hydrolysis of the starch. Samples 
of glucose prepared by this method show only a 
very small percentile impurity when chromato- 
graphed on paper.! Uniformly labeled L(+)-lac- 
tate-C“ and p(—)-lactate-C' were prepared by 


: microbiological fermentation of evenly labeled glu- 


cose using L. delbruckii in the case of the natural 


_ lsomer and L. leishmanii in the case of the un- 
_ hatural isomer (3). These compounds were isolated 


| as their zine salts and characterized by rotation, 


_ water of crystallization, and carbon analysis. Ace- 
late-1-C“ (carboxyl-labeled) and -2-C!* (methyl- 
labeled) were prepared from C14Q2 and re- 
spectively (45). Pyruvate-2-C! (carbonyl-labeled) 


| and-3-C' (methyl-labeled) were prepared from the 
acetate-1-C' and -2-C'4, respectively, via acetyl 
: halide and acetyl cyanide, with subsequent hydrol- 
_ ysis to yield pyruvic acid, which was then distilled, 


‘Private communication from Dr. Paul Zamecnik of the 


Massachusetts General Hospital. 


milligram dry weight of tissue per hour. The final 
dry weight of the tissue was used as the basis 
for these calculations. The calculation of Net- 
Qpyruvate and of Qcuo, was carried out as previ- 
ously described (29, 30). 

Metabolism of pyruvate-1-C™ and -2-C™ in slices 
and homogenates of tumor and liver.—Preliminary 
studies of the comparative rates of oxidation of 
radioactive pyruvate in slices and homogenates of 
hepatoma and normal liver (34) showed that, while 
slices of hepatoma oxidized pyruvate to CO: at a 
good rate, homogenates of this tumor were inac- 
tive. Both slices and homogenates of liver tissue 
were able to oxidize pyruvate. These data are pre- 
sented in Table 2. At a concentration of pyruvate 
of 5 mm/I, the liver slices showed remarkable 
ability to convert pyruvate to nonlactate products 
without loss of CO, the rate of disappearance of 
pyruvate to nonlactate products being almost 
twice the rate of decarboxylation of pyruvate. 
This capacity of liver and cardiac muscle slices (32) 
to carry out anabolic transformation of pyruvate 
is markedly reduced in hepatoma slices and is vir- 
tually absent in homogenates, as shown in Table 
2. The tumor slice showed a faster rate of oxidation 
of C.-fragments derived from added pyruvate (as 
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indicated by the greater recovery of C4Q, from 
pyruvate-2-C) than the liver slice, even though 
the total O2 consumption was approximately the 
same. As previously noted by Potter, LePage, and 
Klug (42), homogenates of hepatoma fortified with 
ATP and cytochrome c did not respire appreciably 
or oxidatively catabolize pyruvate, the small 
amount of pyruvate disappearance being account- 
ed for by reduction to lactate. Besides blocking 
anabolic reactions of pyruvate, homogenization of 
liver resulted in an increased rate of decarboxyla- 
tion of pyruvate and and a decreased rate of oxi- 
dation of the Ce-fragment with about the same 
oxygen consumption as in the slice. 


HEPATOMA 
| 
-PYR 
+C"0, 
+LAC 


10 20 30 40 
PYRUVATE mM/L 


PYRUVATE mM/L 


Metabolism of pyruvate-1-C", -2-C"4, and -3.(11 
in slices of hepatoma and normal liver—The tern. 
nal reactions in the oxidation of carbohydrate jy 
hepatoma slices, as studied with 2-, 3- and 4-cay. 
bon acids shall be considered first. Certain data on 
the metabolism of pyruvate-1-C" and -2-C" j, 
hepatoma slices shown in Table 2 have already 
been discussed in connection with the parallel 
studies on homogenates. In Chart 1 more con. 
plete information about the metabolism of all three 
radioisomers of pyruvate in hepatoma and liver a} 
initial concentrations of substrate ranging from 
2.5-40 m/l! is presented. Data on Qo, and 
Qcuo, are presented in the lower graphs, and data 


LIVER 


lo 2 3 40 
PYRUVATE mM/L 


(-c'*00H) | 


(—c'*=0-) $ 


10 20 30 40 
PYRUVATE mM/L 


Cuart 1.—The metabolism of pyruvate-1-C"," -2-C!4, and -3-C" in slices of hepatoma and rat liver. Metabolic quotient is 
plotted against substrate concentration. Disposition of substrate is presented in the top graphs and gas exchange in the bottom 
ones. The curve marked with (x) is a summation of the C!4O2 produced from all three carbon atoms of labeled pyruvate. Each 


point represents at least four determinations. 


Attempts to restore the oxidative capacity of 
homogenates of hepatoma by addition of liver 
boiled juice, of co-factors (in the following amounts 
per flask: cocarboxylase, 8 ug.; DPN, 50 ug.; TPN, 
10 wg.; and coenzyme A, 20 acetylation units), or 
of fluoride (39) with or without co-factors were 
unsuccessful. It is possible that the absence of un- 
known co-factors, insufficient amounts of known 
co-factors, a deficiency in oxidative apoenzymes, or 
an excess of enzymes catabolic to ATP and co- 
factors are responsible for this failure. It is of great 
interest, however, that despite the impotence of 
even the fortified homogenate in oxidizing pyru- 
vate to COs, the intact hepatoma cell is fully able 
to carry out this oxidation, which involves the 
co-ordination of many oxidative enzymes present 
in low amounts in this tumor. 


on disposition of substrate are shown in the upper 
graphs. The top curve in the upper graph repre- 
sents total pyruvate disappearance as a function of 
initial concentration, the bottom curve represents 
the rate of conversion of pyruvate to lactate, and 
the intermediate cross-hatched area signifies the 
amount of pyruvate undergoing oxidation, as de- 
termined from the rate of decarboxylation of 
carboxyl-labeled pyruvate. The area bounded by 
the top curve and the next one below it, therefore, 
represent the conversion of pyruvate to nonlactate 
products without loss of COz. This fraction 1s re 
garded as the anabolic fraction and probably rep- 
resents conversion of pyruvate to hexose, triose, 0" 
triose precursors via reactions of the glycolytic 
chain (33). 
There are both similarities and significant dif- 
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ferences in the response of hepatoma and liver to 
‘ncreasing concentrations of pyruvate. In both 
cases the total utilization of pyruvate and the pro- 
duction of C!O2 are positive functions of initial 
concentration of substrate. The total utilization 
of pyruvate in hepatoma was 50 per cent greater 
than in liver at 2.5 mm/I and 35 per cent less at 
40 mm/l. The families of curves describing CO, 
production from each of the differently labeled iso- 
mers of pyruvate show interesting differences. In 
liver the three curves are widely separated, sug- 
gesting significant diversion of substrate carbon 
from the main oxidative pathway at several steps 
in the reaction sequence. Diversion of C>-frag- 
ments from pyruvate into ketone body synthesis, 
lipogenesis, and other acylations (1) undoubtedly 
accounts for part of the difference in the recovery 
of C4O. from pyruvate-2-C™ and -3-C'. Another 
factor operating to reduce the recovery of CQ, 
from pyruvate-2-C'* and -3-C"* is extensive ex- 
change between the acids of the Krebs tricarboxy]l- 

ic acid cycle and nonisotopic compounds in equi- 
librium with them. In hepatoma slices the curves 
for recovery of CQO, from the differently labeled 
pyruvates are much closer together, suggesting 
that diversion or exchange of the oxidative inter- 

_ mediates with nonisotopic endogenous compounds 
' is considerably less in tumor tissue than in liver. 
_ Itis also of interest that, although the rate of oxi- 
_ dation of the C-fragment derived from pyruvate is 
» more rapid in tumor at 5 mM/1 (see also Table 2), 
| the rates of its oxidation in the two tissues at 40 
| m/l are identical. The total C4O, produced from 
_ added pyruvate was greater in liver than in tumor 
| at high concentrations of substrate; at 5 mm/] the 
| combustion of added substrate accounted for 50 
| per cent of the observed oxygen consumption in 
both tissues, and at 40 mn/] for about 88 per cent 
of the total oxygen consumption in tumor and 97 
per cent of the observed oxygen consumption in 
Sliver, Respiratory quotients based upon total CO, 
production were not determined, but values based 
upon Qcuop, at 40 mm of pyruvate were 0.97 in 
tumor and 1.17 in liver slices. It is of interest that, 
although liver slices demonstrated anabolic trans- 
| formations of pyruvate at all concentrations of 
substrate, such transformations were not evident 
| 1 tumor slices until the pyruvate level was raised 
| 010 mm/I, and even at 40 m/] reached only 40 
per cent of that observed in liver. Another interest- 
ing effect of increasing pyruvate concentrations in 
hepatoma slices is the slight but definite lowering 
of the oxygen consumption which, in a tissue han- 
“capped by lowered concentrations of hydrogen 
| eae enzymes, might be the result of compe- 
ion between pyruvate or anabolic products of 


pyruvate and oxygen for available hydrogen or 
electrons. 

Many years ago Elliot, Benoy, and Baker (12) 
found that pyruvate at 20 mm/1 resulted in a dis- 
appearance of pyruvate and stimulation of the 
R.Q. above unity in slices of Philadelphia No. 1 
sarcoma and Walker carcinoma 256. Although 
they interpreted their data to indicate a limited 
conversion of pyruvate to succinate, these data, 
taken in conjunction with our own, strongly sug- 
gest that some tumors (perhaps all) havea sizeable 
aerobic pathway for the terminal oxidation of 
carbohydrate. 

Metabolism of uniformly labeled u(+)- and 
pD(— )-lactate-C™ in slices of hepatoma and normal 
liver.—Data bearing on the metabolism of natural 
lactic acid by tumor and liver are presented in 
Chart 2. As in the case of pyruvate, increasing 
concentrations of L(+)-lactate resulted in an in- 
creased utilization of this substrate in both tissues. 
Although utilization was equal in tumor and liver 
at 5 mm /I, tumor lagged by 30 per cent at 40 mm 
Keto acid appearance, which apparently ac- 
counted for some of the lactate which disappeared, 
Qo., and CQ, production increased slightly with 
increases In concentration of substrate in both tu- 
mor and liver. The absolute rates of oxidation of 
L(+)-lactate in tumor and liver were almost iden- 
tical at all levels of substrate and accounted for 
about 30 per cent of the observed oxygen consump- 
tion. The amount of lactate undergoing oxidation 
beyond pyruvate was calculated from the Qcuo, 
values in Chart 2 by referral to the curves for 
Qcuo. (total) and the Qcuo: (carboxyl) in Chart 1, and 
plotted on the upper diagram in Chart 2 as the 
cross-hatched area. It was of some interest that, 
although lactate was oxidized only § as fast as py- 
ruvate at comparable concentrations, it was 
anabolized 3—4 times as well as pyruvate in both 
liver and tumor. Although the depressing effect of 
substrate load upon Qo, in tumor was not noted 
with lactate as substrate, it is doubtful that the 
better anabolism of lactate is due only to the pres- 
ence of two extra hydrogen atoms, since a more 
active anabolism of lactate was also noted in liver. 
The level of keto acid in these experiments in no 
way approaches the levels obtained when pyruvate 
was added as substrate, and yet the rate of anabol- 
ic transformation is greater with lactate. These 
data and certain others obtained by Miller (24) 
and Brin (3) suggest that a pathway of lactate 
toward phosphoglyceric acid which circumvents 
the pyruvate pool may be present in both tumors 
and normal tissues. Elliot, Benoy, and Baker (12) 
observed negligible effects of pi-lactate on R.Q. 
and Qo, of Philadelphia sarcoma and Walker 256 
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tumor, although small amounts of substrate dis- 
appeared. 

From the historical point of view the data on 
oxidation of lactate-C" are of interest in connec- 
tion with the calculation of the Meyerhof Oxida- 
tion Quotient (5) as a measure of the Pasteur Ef- 
fect. This formulation attempted to relate the de- 
crease in glycolysis occurring when a tissue was 
changed from an anaerobic condition to an 
aerobic one to the rate of lactic acid oxidation un- 
der aerobic conditions, assuming that lactate oxi- 
dation accounted for the entire observed oxygen 
consumption, viz: M.0.Q.= (Q33, — Q2%,.) / #Qo.- 
Although the measurement of the Pasteur Effect in 
terms of resynthesis is now an outmoded procedure 
(7, 19, 22), it is of interest that on the basis of true 


TABLE 3 


LIPOGENESIS FROM GLUCOSE-C!4 AND 
ACETATE-C!4 IN TISSUE SLICES 


RADIOACTIVITY 
(cpm/MG/105 1cpm) * 
Choles- 

TIssuE SUBSTRATE FA terol 
Hepatoma Glucose 224 28 
Acetate 128 43 
Liver (fed) Glucose 15 9 
Acetate 150 78 


*ICPM = initial counts per minute of substrate con- 
centration of glucose = 5 mm/I; concentration of acetate = 
10 mMm/1;time = 3hrs.;medium = Krebs-Ringers. 


lactate oxidation the M.O.Q. becomes 3-4 times as 
large. The M.O.Q. for the hepatoma is 2.9 calcu- 
lated by the classical procedure (6) and 10.1 cal- 
culated on the basis of true lactate oxidation. This 
latter value is high enough to cast additional doubt 
(22) upon the hypothesis of resynthesis as an ex- 
planation of the Pasteur Effect. 

The unnatural p(—)-lactate is utilized only 
about 3 as well as the natural isomer in both tumor 
and liver, as shown in Chart 3. The oxidation rate 
of this compound was also 4-4 as rapid as that of 
L(+)-lactate. Less keto acid appeared. There was 
no effect upon oxygen consumption in the tumor 
and only a slight effect in liver. These effects may 
possibly be due to the relatively feeble action of a 
racemase (3) in these tissues. 

Metabolism of acetate-1-C'* and -2-C™ in slices of 
hepatoma and normal liver.—Studies of acetate me- 
tabolism are shown in Chart 4. The rate of acetate 
disappearance increased with concentration of 
substrate in both tumor and liver, the absolute 
rate of disappearance being twice as rapid in liver 
as in tumor. The oxidation of acetate was only 
slightly more rapid in liver than in hepatoma. The 
C.-fragment from acetate is oxidized only 4 as 
fast as that derived from pyruvate (see Chart 1) 
in liver, hepatoma, and cardiac muscle (33). 


Walker sarcoma 256, in contrast to the rat hepa- 
toma, is virtually unable to oxidize acetate-1.¢1 
to CMO» (36). Part of the nonoxidative or anabolic 
utilization of acetate is undoubtedly directed 
toward lipogenesis and other acylations (1). The 
data in Table 3 are taken from a study (26) in 
which acetate-1-C'* was incubated aerobically 
with hepatoma and liver slices for 3 hours and the 
cholesterol and fatty acids isolated from the slices 
and counted. The figures suggest that the incor. 
poration of acetate carbon into the fatty acids and 
cholesterol of hepatoma, though somewhat les; 
rapid than in liver from fed rats, is nonetheless 4 
very active process. 

Metabolism of carboxyl-labeled succinate-C jy 
slices of hepatoma and liver.—Succinic acid was 
chosen for study because of its membership in the 
tricarboxylic acid cycle and because of the general 
interest in the succinoxidase system in tumor tis- 
sue. Studies of the succinoxidase system in tumor 
homogenates have shown low values, as previously 
indicated (47). Previous studies of succinic acid 
oxidation in slices of tumor tissue have shown some 
variability (12, 13, 46), although in general the 
data have shown only small effects of succinate 
upon Qo, with correspondingly small values for 
substrate utilization. The metabolic data obtained 
with carboxyl-labeled succinate-C™ in slices of 
hepatoma and liver in the present study are shown 
in Chart 5. A double ordinate representing sub- 
strate disposition on the one hand and gas ex- 
change on the other is so numbered that a change 
of 2 ul. of substrate is equivalent to a change of 
1 pl. of Oo. This numbering is based upon the theo- 
retical situation of the pure succinoxidase prepara- 
tion catalyzing the following reaction: 


Succinate + 4 O, ——» Fumarate + H,0. 


If the two lines for oxygen consumption and sub- 
strate utilization were to coincide in Chart 5, the 
slice would be functioning as a_succinoxidase 
preparation with complete suppression of endoge- 
nous respiration. 

In hepatoma there was a stimulation of oxy- 
gen consumption as succinate concentration was 
raised, although the effect was negligible alter 
20 mm/I was reached. The degree of stimulation 
of oxygen consumption corresponds quite closely 
to that expected for a one-step oxidation of the 
succinate which disappeared. The appearance ¢ 
C40, under these conditions suggests, howevel, 
that the oxidation of a portion of this fumarate 
had proceeded to oxalacetate or beyond with 
small inhibition of endogenous respiration. Small 
amounts of lactate and keto acid also appeared 
when hepatoma slices were incubated with suc- 
cinate. 
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Cuart 2.—The metabolism of uniformly labeled L(+)-lactate-C" in slices of hepatoma and rat liver. Metabolic quotient is 
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plotted against substrate concentration. Disposition of substrate is represented in the top graphs and gas exchange in the bottom 
ones. Each point represents at least four determinations. 
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Cuart 3.—The metabolism of uniformly labeled p (—) -lactate-C" in slices of hepatoma and rat liver. Metabolic quotient is 


: plotted against substrate concentration. Disposition of substrate is represented in the top graphs and gas exchange in the bottom 
_ ones. Each point represents at least four determinations. 
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As the succinate concentration was raised in ex- 
periments with liver slices, there was a steady rise 
in the Qo, from the endogenous value of 8 to 28, ac- 
companied by a biphasic change in CQ, produc- 
tion and in the accumulation of lactic and keto 
acids. In view of the close approximation of the 
lines for —Qo, and —Qsguccinate at 40 mm /I, it 
seemed probable that at this concentration of suc- 
cinate the liver slice was approaching the status of 
a succinoxidase preparation and pouring so much 
succinate hydrogen into the hydrogen transport 
system that other oxidations, including those of 
fumarate, were inhibited. Studies of the behavior 


HEPATOMA 
5 
Q 
10 20 30 


ACETATE mM/L 


ACETATE mM/L 


istence of a metabolic defect in the oxidation of 
glucose by tumor tissue (17). Ina preliminary re. 
port we had noted, paradoxically, that the Oxida- 
tion of radioactive glucose to CO, appeared to 
proceed faster in hepatoma than in liver frop 
which it was derived. The data shown in Chart ¢ 
confirm and extend these observations. In the Up- 
per graphs of Chart 6, the glucose uptake is plotted 
as triose in order to express the transformations of 
substrate in terms of C3-fragments. The amount 
of C3-compound undergoing decarboxylation was 
obtained from the C'Q:2 production in the same 
way as for lactate (vide supra) and plotted as the 
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Cuart 4.—The metabolism of acetate-1-C14 and -2-C"* in slices of hepatoma and rat liver. Metabolic quotient is plotted against 
substrate concentration. Disposition of substrate is presented in the top graphs and gas exchange in the bottom ones. The curve 
marked with (x) is a summation of C!4O, produced from both carbon atoms of labeled acetate. Each point represents at least 


four determinations. 


of liver slices at higher concentrations of succinate- 
C“ are in progress in an attempt to delineate the 
relationship between succinic dehydrogenase and 
the cytochrome system in the intact liver cell. 
By use of the data on succinic acid disappear- 
ance at 40 mm/1in Chart 5 as an index of succinoxi- 
dase activity, the ratio of activities obtained for 
hepatoma and liver slices is 10:52 (which is prob- 
ably high, since no plateau was obtained in liver), 
compared to a ratio of 26:88 obtained in homoge- 
nates of these tissues by Schneider and Potter (47). 
The metabolism of uniformly labeled glucose-C'4 
in slices of brain, heart, liver, and hepatoma.—An 
investigation of the oxidative metabolism of glu- 
cose-C in hepatoma slices seemed particularly de- 
sirable because of the extensive literature present- 
ing evidence interpreted as consistent with the ex- 


cross-hatched area. Aerobic glycolysis is represent- 
ed by the area below the curve marked +Lac in 
the upper graphs. 

As in the case of other substrates tested in this 
study, the rates of removal and oxidation of glu- 
cose increased with increasing concentrations of 
substrate, although in tumor and liver the rates 
were markedly different. In hepatoma slices about 
10 per cent of the glucose which disappeared was 
oxidized to CQ», and about 30 per cent appeared 
as lactate. In liver slices (from fasting rats), the 
uptake of glucose was lower and the oxidation and 
aerobic glycolysis almost negligible. In tumor, the 
combustion of glucose at a concentration ° 
10 mm/] accounted for about 30 per cent of the ob- 
served oxygen consumption, while in liver 1t ac 
counted for about 2 per cent. At 10 mm/1I, further- 
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_  Cuart 5.—The metabolism of carboxyl-labeled succinate-C" in slices of hepatoma and rat liver. Metabolic quotient is plotted 
_ against substrate concentration. Substrate disposition and gas exchange are plotted on different scales on the ordinate so ar- 


_ ranged that 1 wl. change in O2/CO, exchange is equivalent to 2 ul. change in substrate utilization (see text). Each point represents 
_ atleast four determinations. 
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Cart 6.—The metabolism of uniformly labeled glucose-C" in slices of hepatoma and rat liver. Metabolic quotient is plotted 


E ew substrate concentration. Disposition of substrate is presented in the top graphs and gas exchange in the bottom ones. 
p “ch point represents at least six determinations. 


Fy 
hy 
) 
4 
Sey 
/ 
ay 
3 
© 
xg 
3 
age ¥ 
3 
ph 
t 
. 
aad 
> 
3, 
ag 
t 
is 
| 

e 

| >) 

2 te 

Ay 
A 
3 
. 
. 
Sol 


580 


Cancer Research 


more, the rate of glucose combustion in tumor was 
25 per cent of that of pyruvate and 75 per cent of 
that of L(+)-lactate at comparable substrate con- 
centrations. The depression of Qo, with increasing 
concentrations of glucose in hepatoma is of some 
interest. It mirrors an effect noted by Elliot and 
Baker (11) in Philadelphia sarcoma and may be 
due to the diversion of ATP from oxidative proc- 
esses to phosphorylation of glucose. 

Since the oxidation of glucose in liver was singu- 
larly low, it appeared important to compare the 
hepatoma with other extra-hepatic tissues in re- 
gard to rates of glucose oxidation and aerobic 
glycolysis (31). These data are presented in Table 
4. Brain slices which have an aerobic glycolysis 


TABLE 4 


AEROBIC GLYCOLYSIS AND OXIDATION 
OF GLUCOSE-C#4 IN 
TISSUE SLICES 


Species Tissue +Qliactate +Qcui0, 

Rat Brain 4.5 10.5 

Heart 1.1 2.8 

Hepatoma 5.1 2.1 

Liver 0.0 0.2 

Duck Heart 1.3 2.5 

Liver 0.5 1.2 

Phosphate-saline medium; glucose = 10 mm/]; gas 
phase = Oz. 


comparable to hepatoma oxidized glucose to CO» 
5 times as fast as hepatoma, while heart slices 
which show.a rate of glucose oxidation comparable 
to hepatoma accumulated lactate only 4 as fast. 
Brain and heart thus showed a proportionality be- 
tween the rates of glucose oxidation and aerobic 
glycolysis which hepatoma did not. It must be re- 
membered, however, that the rate of lactate ac- 
cumulation in tissue slices respiring under aerobic 
conditions merely reflects the degree of disparity 
between the activity of the glycolytic system and 
the activity of the system oxidizing pyruvate at 
the particular concentration of pyruvate present 
in the tissue. The data indicate that the activity of 
the terminal oxidation system (enzymes of the 
Krebs tricarboxylic acid cycle) is fully comparable 
to that of normal liver and cardiac muscle, though 
less active than that of brain. It is clear, however, 
that this system does not keep pace with the rate 
at which C;-fragments are presented to it by the 
highly active glycolytic system of the hepatoma. 

The finding of a very low rate of glucose oxida- 
tion in liver slices in the face of an active terminal 
oxidation system was very intriguing. The inert- 
ness of liver slices towards glucose as regards aero- 
bic glycolysis, CQO, production, and stimulation 
of respiration recalled the work of a number of in- 
vestigators which had failed to show any effect of 


added glucose upon aerobic or anaerobic glycolysis 
in either slices (6, 35, 44, 54) or homogenates 
(21, 49) of liver. The finding of Stoesz and LePage 
(49) that hexose diphosphate was rapidly gly. 
colyzed in homogenates of liver tissue, on the other 
hand, suggested that the enzymatic equipment for 
glycolysis in liver was intact from the level of 
aldolase on down. Likewise, the rapidity wit), 
which hexose forms glycogen in the intact rat (9), 
the ease with which radioactive glucose equil. 
brates with liver glycogen in liver slices (50), and 
the positive uptake of glucose in the present ex. 
periments with fasted liver slices, indicated that 
the enzymes concerned with the conversion of glu- 
cose to glycogen in liver tissue are active. It ap. 
peared, therefore, that the site of the physiological 
blockage of glycolysis in liver tissue was between 
glucose-6-phosphate and hexose diphosphate in the 
Embden scheme. Studies of the rates of anaerobic 
glycolysis in homogenates of many tissues, in- 
cluding hepatoma, with glucose-6-phosphate, fruc- 
tose-6-phosphate, and hexose diphosphate as sub- 
strates indicated that, although fermentation of 
hexose-diphosphate was most active in all tissues, 
the most marked lag between the values obtained 
for hexose diphosphate and fructose-6-phosphate 
or glucose-6-phosphate was noted in rat liver (31). 
Assays for phosphohexokinase were then carried 
out on tissue extracts by the method of Racker 
(43) with the results shown in Table 5. Of the tis- 


TABLE 5 


PHOSPHOHEXOKINASE ACTIVITIES OF 
TISSUE EXTRACTS 


Units/ ml 

Species Tissues extract* 
Rat Brain 100 
Heart 122 
Hepatoma 64 
Liver 22 
Duck Heart 140 
Liver 73 


* Extract = supernatant of 10 per cent homoge- 
nate centrifuged at 3,000 rpm for 10 minutes. 


sues tested, rat liver had the lowest content, with 
hepatoma about 3 times as active as liver. The 
fact that lipogenesis from glucose is more active In 
hepatoma than in rat liver, as shown in Table 3,15 
also consistent with the data on distribution of 
phosphohexokinase. It is of interest that duck hiv- 
er, which is phylogenetically slightly more prim 
tive, has a higher content of phosphohexokinase 
than rat liver, and that this is associated with In- 
creased ability of slices to oxidize and glycolyze 
added glucose (see Table 4). . 
Although Orr and Strickland (35) observed high 
rates of anaerobic glycolysis in livers rich in glyco- 
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gen from fed rats, a finding which has been ques- 
tioned by Burk (6), we observed very little effect 
of high glycogen content upon aerobic glycolysis 
‘1 our experiments, as shown in Table 6. The 
slightly greater endogenous lactate formation in 
liver slices from fed rats may represent breakdown 
of triose and other intermediates below the level 
of hexose diphosphate which may be present in 

ater quantity in livers from fed rats. Addition 
of C4-glucose to slices of liver from fed rats did 
not materially affect the aerobic glycolysis, and 
the rate of its oxidation to C“Q, was somewhat 
less, as would be predicted from the dilution of 
added glucose-C™*, with glucose appearing in the 
medium through glycogenolysis of liver glycogen. 

The synthesis of glycogen in liver slices from 
pyruvate, lactate, and CO: is well annotated (4). 
In our own studies the anabolism of pyruvate and 
lactate toward carbohydrate was more active in 
liver than in tumor. One may well inquire, assum- 
ing the activity of phosphohexokinase is limiting 
in glycolysis in liver, how the reverse reactions are 
successfully carried out. The answer is found in 
the fact that two enzymes are required for the 
' interconversion of fructose-6-phosphate and fruc- 
tose diphosphate, viz. : 

Phosphohexokinase + ATP 
Fructose-6-PO. ~ Fructose-1,6-(PO.)>. 
Phosphatase 

Inactivity of the phosphohexokinase system in no 
way vitiates the reverse reaction, because it is 
catalyzed by a different enzyme. This system is 
_ analogous, of course, to the hexokinase system, viz. : 


Hexokinase + ATP 
Glucose ~ Glucose-6-phosphate. 


Phosphatase 


_ The operation of these systems in normal liver 
is such’that a conservation of glucose for secretion 
into the blood and nourishment of the extra-hepat- 
ic tissues is achieved. The relative inactivity of the 
phosphohexokinase system in liver serves as a ball 
valve to prevent hexose carbon, once synthesized 
from smaller molecules, or captured from the 
blood stream, from being broken down via the re- 
actions of glycolysis. The oxidative requirements 
of the liver are apparently met by combustion of 
fat and 2- and 3-carbon acids. 


GENERAL CoNCLUSIONS ABOUT THE OXIDATIVE PATHWAY 
IN HEPATOMA SLICES 

_Is there a “defect” in the respiration of tumor 

: tissue as Warburg thought? In the hepatoma the 

nagnitude of the pathway for oxidation of 2-, 3-, 

and 4-carbon intermediates of carbohydrate me- 

tabolism is within the range found for normal tis- 


sues, the values for hepatoma being very close to 
those found in liver. The relative rates of C“O, 
production from acetate and pyruvate labeled in 
each of their carbon atoms in hepatoma slices, the 
isolation of radioactive citrate from tumors oxi- 
dizing radioactive fatty acids by Weinhouse, 
Millington, and Wenner (55), and the identifica- 
tion of most of the enzymes which catalyze reac- 
tions of the Krebs tricarboxylic acid cycle in tumor 
tissue (40, 47, 55) suggest, furthermore, that the 
mechanism of the terminal oxidation of substrate 
in tumor tissue is the same as in normal tissues. A 
defect in the efficiency of coupling of oxidation to 
high energy phosphate bond generation in tumor 
tissue cannot, however, be ruled out without 
further studies. 


BriocHEeMIcaAL DiFFERENCES BETWEEN 
LivER AND HEPATOMA 
A summary of some of the metabolic differences 
between liver and hepatoma is presented in Chart 
7. Although from our studies there appears to be 


TABLE 6 


EFFECT OF FASTING AND FEEDING UPON GLUCOSE 
METABOLISM OF RAT LIVER SLICES* 


Glycogen Qhactate Qiactate Qalucose 
State (per cent)(Endogenous) (Glucose) (Net) Qci402 
Fasted 0.15 +0.35 +0.40 —2.52 +0.20 
Fed 4.55 +1.35 +1.38 +8 .54 +0.15 


* Concentration of radioactive glucose in the medium = 10 mm/I. Each 
value is the mean of 6 determinations, 


no absolute change in the qualitative aspects of 
metabolism in the hepatoma, in some cases, the 
degree of change, quantitatively, in the routing of 
metabolic traffic is almost tantamount to a quali- 
tative change. In normal liver, glycogen is syn- 
thesized from blood glucose and blood lactate, 
stored, and resecreted as glucose. Very little is 
glycolyzed. As the liver undergoes neoplastic 
change, glycolysis increases, anaerobic before aero- 
bic (25), until in the full-blown state the liver tu- 
mor is diverting all its glucose uptake into the 
glycolytic pathway, with a negligible storage of 
glycogen (17). Carbohydrate synthesis from pyru- 
vate is also reduced. To account for this, our data 
suggest that both the hexokinase and phospho- 
hexokinase systems become more active in the liv- 
er tumor and succeed in diverting glucose into 
glycolytic channels where glucose carbon becomes 
available for lipogenesis, amino acid synthesis, 
purine and pyrimidine synthesis, or further oxida- 
tion to CO. The rate of glycolysis exceeds the rate 
of utilization of C;-fragments sufficiently to main- 
tain a high concentration of C;-reactants in the 
tumor tissue (38). The lower contents of oxidative 
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enzymes and coenzymes in the hepatoma appar- 
ently does not compromise the ability of this tissue 
to carry out the terminal oxidation of carbo- 
hydrate at rates comparable to that of the liver 
cell. Fewer side reactions appear to occur in the 
combustion of C;-fragments and C2-fragments via 
the tricarboxylic acid cycle in the hepatoma than 
in the liver. Despite oxidative activity, glycolysis 
continues, presumably because the breakdown of 
ATP for growth and other anabolic reactions can- 
not be matched by oxidative phosphorylation (38). 
Urea synthesis is abolished (17), and the tumor be- 
comes vascularized with an arterial blood supply 
(2). In all respects the hepatoma has become an 
extra-hepatic tissue. 

The work reported today constitutes only a 
small beginning in the application of tracer tech- 
nics to the problem of the intermediary metabo- 
lism of tumor tissue. It seems to me that the work- 
ing hypothesis for future work in this field should 
be that the biochemical differentiation of the tu- 
mor is peculiar to its needs and that the motiva- 
tion for the clarification of that biochemical pat- 
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Cuart 7.—Summary of the differences in carbohydrate metabolism between liver and hepatoma. The boxes represent adjacent 
tumor and liver cells and the space between them a blood vessel. The thickness of the lines represents the approximate reaction 
rates and the arrows their direction. The acids of the Krebs tricarboxylic acid cycle are abbreviated as follows: OAA = oxalace- 
tate, CIT = citrate, a-KETO = a-ketoglutarate, SUCC = succinate, FUM = fumarate, and MAL = malate. Other abbrevi2- 
tions are: FA = fatty acids, CHOL = cholesterol, SR = side reactions. 
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tern be to understand its operation rather than 
merely to draw comparisons with a variety of 
normal tissues. 
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Fic. 1.—Rat liver tumor induced by feeding m’-methyl-p- 
dimethylaminoazobenzene. Zenkers fixative and Masson’s 
trichrome stain with a green filter. Mag. 770. This is almost 
exclusively hepatoma with very little necrosis. There is ex- 
uberant young fibrous tissue proliferation. A portal vein filled 
with tumor cells is seen to the right of center. 


Fic. 2.—Rat liver tumor induced by feeding m’-methyl-p- 
dimethylaminoazobenzene. Zenkers fixative and Masson’s 
trichrome stain with a green filter. Mag. 770. This shows 
mainly cholangioma, the bile duct epithelial cells being in- 
volved in the neoplastic change. There is a marked stromal 
reaction and an area of necrosis at the upper right. 
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Paper No. 3 in the Symposium on Intermediary Carbohydrate 
Metabolism in Tumor Tissue 


Studies on the Fate of Isotopically Labeled Metabolites 
in the Oxidative Metabolism of Tumors* 


SIDNEY WEINHOUSE 


(The Lankenau Hospital Research Institute and the Institute for Cancer Research, Philadelphia, Pa.) 


Although biochemical investigation of the can- 
‘cer problem has disclosed many quantitative dif- 
ferences between normal and neoplastic tissues, no 
characteristic exclusive chemical or metabolic 
property of tumor cells has emerged from such 

studies (6, 12). Because of the unregulated growth, 
' which is an inherent feature of malignancy, atten- 
tion has been focused particularly on the problem 
of energy production in tumors; and it is in this 
area of cancer research that metabolic exploration 
has perhaps penetrated most deeply. Modern re- 
- search in the field of cellular metabolism of tumors 
began with the studies of Warburg (13) 30 years 
ago, with the advent of the tissue slice technic. 
These studies disclosed certain quantitative dif- 
“ferences between normal and tumor tissues which 
as yet remain unexplained, but which represent 
perhaps the closest approach to what may be con- 
: —~. a distinctive metabolic pattern of tumor 

cells. 

When normal tissues are sliced thinly and 
placed in a medium of suitable ionic composition, 
they will survive and continue various metabolic 
activities; they will, for example, absorb oxygen 
) and liberate carbon dioxide uninterruptedly for 
many hours. In the presence of glucose and in the 
pabsence of oxygen they will produce variable 
amounts of lactic acid, but with oxygen present 
} much less lactic acid is produced—a result which is 
| hot unexpected, since some lactic acid presumably 
} Would be removed by oxidation. Oddly, however, 
the decrease in lactic acid formation brought about 
| by oxygen is much greater than can be accounted 
| for simply by oxidation of lactic acid; in most in- 
| stances it is of the order of 3-6 times this quantity. 
| " This work was aided by grants from the National Cancer 

titute, Public Health Service; the American Cancer Society, 


)°" tecommendation by the Committee on Growth of the Na- 


| wr Research Council; and the Atomic Energy Commission 
(Contract No. AT [30-1] 777). 


Ins 


This phenomenon is known as the Pasteur Effect, 
being similar to the inhibition of fermentation by 
oxygen, observed many years ago by Pasteur in 
various microdrganisms. Warburg (13) found that 
tumor tissues also displayed this Pasteur Effect 
and to about the same extent, quantitatively, as 
normal tissues. He also found that the rates of oxy- 
gen consumption, though on the low side, were 
within the range of those of normal tissues. In con- 
trast to normal tissues, however, the level of lactic 
acid production was extremely high in tumors, so 
that even with a “normal” Pasteur Effect lactic 


TABLE 1 


GLYCOLYSIS IN NORMAL AND NEO- 
PLASTIC TISSUES 


(Data of Warburg) 
Tissue Qo.* Qo QN: 
Normal: 
Kidney, rat 21 0 3 
Liver, rat 12 0.6 3 
Pancreas, dog 3 0 4 
Brain cortex, rat 11 2.5 19 
Neoplastic: 
Jensen sarcoma, rat 9 17 34 
Flexner-Jobling carcinoma, rat 7 25 31 
Sarcoma 37, mouse 15 12 28 


* Q values represent ul. of gas/mg dry tissue/hour. 


acid production in the presence of oxygen was also 
high—much higher, even, than in most normal 
tissues in the absence of oxygen. A comparison of 
various normal and neoplastic tissues is given in 
Table 1. 

At one time Warburg believed that in the high 
aerobic glycolysis he had uncovered the secret of 
malignancy. It developed subsequently, however, 
that this property is not exclusive with neoplasms 
but is displayed to varying extents by other grow- 
ing tissues, so that the force of this finding has 
been blunted; nevertheless, it still remains one of 
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the few well authenticated metabolic differences 
between normal and neoplastic cells. 

The high aerobic glycolysis of tumors was at- 
tributed by Warburg to a disturbance in respira- 
tion, which somehow prevents the oxygen from ex- 
ercising its control over glycolysis. This conception 
was supported and elaborated, principally by 
Dickens and his school (4), and has received wide 
attention up to the present time. In a masterly re- 
view of the Pasteur Effect and tumor metabolism, 
Burk (3) has shown that this viewpoint is probably 
a mistaken one; however, no alternate explanation 
for the high aerobic glycolysis of tumors has gained 


CARBOHYDRATE CITRATE |SOGITRATE 
ACETATE) 
TRIOSE OXALACETATE TOGLUTARATE 


Cuart 1.—Cellular engine for oxidation of carbohydrates 
and fatty acids. Horizontal pipes represent pathway of carbon 
transport; vertical pipes represent electron transport. Valves 
represent enzymatic steps, at which points “blocks” may occur. 


general acceptance, and the view still prevails that 
neoplastic tissues are characterized by a deficiency 
or inadequacy of oxidative metabolism. Without 
taking any further time to discuss this hypothesis 
we might consider, in the light of our present 
knowledge of the respiratory metabolism of nor- 
mal tissues, what kind of disturbances in respira- 
tion might lead to lactic acid formation. To do this 
I’ve constructed a cellular engine out of some 
pipes and valves, shown in Chart 1. The function 
of this engine is to provide energy by abstracting 
electrons from metabolites such as glucose or fatty 
acids and combining them with oxygen. The car- 
bon atoms travel along the horizontal pipes. Glu- 
cose is phosphorylated and broken down to trioses, 
which are oxidized to pyruvic acid; and this in 
turn is oxidized to acetic acid, which, by condensa- 
tion with oxalacetic acid, enters the citric acid 
cycle to be oxidized to CO: with the regeneration 
of oxalacetic acid. 

The oxidation of glucose yields electrons, 
twelve for each triose molecule, and these come off 
in pairs of two at six places along the path: triose 


phosphate, pyruvate, isocitrate, a-ketoglutarat. 
succinate, and malate. Before they reach oxygen 
these electrons must pass through the vertic| 
pipes which represent the electron transport Sys. 
tem, the known components of which are the 
pyridine nucleotides, flavin adenine nucleotide 
and the cytochromes. We can assume that in the 
normal, functioning cell, all the valves are at leas 
partially open, so that carbon atoms can travel 
unimpeded through the horizontal pipes and the 
electrons can proceed unhindered vertically to oxy- 
gen. It is obvious from this model that a distur}. 
ance in respiration may occur at numerous points 
in this engine, and the closing of any valve, either 
in the chain of carbon transport or in the chain of 
electron transport, would have discernible effects 
on the over-all metabolic pattern of the cell. 

From this model we can visualize three possible 
ways in which aerobic glycolysis would be stimv- 
lated. First, if there is a disturbance in electron 
transport, so that one of the valves in the vertical 
pipes is closed, electrons would pile up and would 
have no other choice than to combine with an elec. 
tron acceptor such as pyruvic acid to form lactic 
acid. Many objections to this hypothesis could be 
offered, but probably the most serious one is that 
oxygen consumption is relatively normal in tv- 
mors; if the normal electron transport mechanism 
does not operate in tumors, it would be necessary 
to make the unlikely assumptions either that some 
other electron transfer mechanism operates, or 
possibly that substances other than carbohydrates 
and fatty acids provide the fuel for tumor metabo- 
lism. The second possibility is that one of the steps 
leading pyruvic acid into the citric acid cycle is de- 
fective. This theory gains credence from earlier 
work of Elliott and co-workers (5), who found 
pyruvate oxidation to be very low in tumors; and 
particularly from recent findings of Potter and 
LePage (10), who failed to obtain pyruvate ot 
oxalacetate oxidation in fortified tumor homo- 
genates. Any failure of pyruvate to undergo oxide- 
tion could conceivably result in its competing for 
electrons with other electron acceptors, thus lead- 
ing to lactic acid formation. I will defer discussion 
of the third possibility until later. 

The question with which we concerned our 
selves in the present study was: Do tumors utilize 
glucose and fatty acids as substrates for oxidation 
and energy production? If so, do they utilize them 
to the same extent and in the same ways as norm 
tissues? Definite answers to these questions _ 
not as yet been obtained by means of the usu 
methods of study of oxidative metabolism. 4 s*™ 
ous impediment to the study of oxidative prow 
esses is what may be termed the “metabolic mer 
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tia” of isolated, surviving tissue slices. These have 
a rather high endogenous metabolism which is not 
changed materially by the addition of various 
metabolites, so that oxygen consumption data 
alone do not tell whether a particular metabolite is 
oxidized. Much progress has been made by study- 
ing oxidative processes in minces and homogenates, 
because in these preparations endogenous metabo- 
lites can be removed by dilution or washing. Un- 
fortunately, disruption of tumor cells virtually 
eliminates all oxidative capacity. Therefore, most 
of our knowledge of tumor metabolism has been 
based on assays for individual enzymes which, 
when present, indicate what can happen, but not 
necessarily what does happen. The availability of 
isotopically labeled compounds has afforded us a 
simple, direct, and reliable method of establishing 
whether a particular foodstuff can be oxidized by 
tumor cells. When a C#4-labeled substance is added 
to slices of tumor, its oxidation is manifested 
unequivocally by the appearance of radioactivity 
in the respiratory carbon dioxide. Thus, by meas- 
urement of the amount and activity of the CQ, it 
was possible to determine the oxidative capacity of 
tumor tissues for carbohydrates, fatty acids, and 
various of their intermediates. The experimental 
procedure is quite straightforward. Slices of tumor 
tissue! in amounts of 2-3 gm. fresh weight are 
placed in the Warburg flasks shown in Chart 2, 
which have a volume of approximately 125 ml. 
CQ,.-free alkali is placed on filter paper held in a 
small glass cup which fits loosely in the center well. 
The flasks, containing the labeled substrate in con- 
centrations of approximately 0.005 M, in a Ringer- 
phosphate medium, are oxygenated, attached to 
the manometers, and shaken for 2-3 hours at 
38° C., after which process acid is tipped in from 
the side-bulb to liberate any CO, bound by the 
medium. CO, is then recovered from the filter 
paper and assayed by standard procedures. 


RESULTS 


Oxidation of isotopically labeled substrates.—Be- 
cause most of the discussions concerning the oxida- 


‘ The tumors used in this study are all subcutaneous trans- 
plants carried for many generations and studied thoroughly in 
Various departments of our Institute. The experimental work 
to be described was carried out by Mrs. Ruth Millington, Mr. 
Charles Wenner, and Dr. Morris Spirtes. 

_ We are greatly indebted to the following individuals for 
invaluable aid in this work: Drs. Theodore Hauschka and 
Irene Diller for the mammary adenocarcinoma and much ex- 
Pert advice on the inbreeding of mice and transplantation 
methods; Dr. Grace Medes, for supervision of the animal 
7 and transplantation; Dr. Andrew J. Donnelly, for histo- 
— examinations; Dr. Julius White, for the mouse hepa- 
oma; and Dr. W. F. Dunning, for the rat hepatoma. We also 


wish to thank Drs. Stern and Ochoa for details of the “con- 
enzyme assay. 


tive metabolism of tumors have centered about 
carbohydrates, it was of considerable interest to 
compare the rates of glucose oxidation in normal 
and neoplastic tissue slices. Results of such experi- 
ments are given in Table 2. The term “O.C.” is one 
we have coined to indicate the oxidative capacity 
of the tissue for the substance in question. It rep- 


Cuart 2.—Large-size Warburg flasks used for oxidation 
experiments with isotopic substrates. 


TABLE 2 


GLUCOSE OXIDATION BY NORMAL AND 
NEOPLASTIC TISSUE SLICES 


0.C.* 
Micro-atoms 
Tissue carbon 
Normal, rat: 
Kidney 111 
Brain (homogenate) 93 
Heart 87 
Liver 23 
Skeletal muscle (homogenate) 7.0 
Neoplastic: 
Hepatoma (mouse) 43.8 
Hepatoma (rat) 38.3 
Rhabdomyosarcoma (mouse) 35 
Mammary adenocarcinoma (mouse) 25.5 


_ *0O.C. refers to the micro-atoms of substrate carbon Oxi- 
dized to COe/gm dry tissue/hour at 38° at substrate concen- 
tration of 0.005 m. 


resents the micro-atoms of carbon of the substrate, 
in this instance glucose, converted to CO: per gram 
of dry tissue per hour. This value can be easily 
calculated from the amounts and relative specific 
activities of the respiratory carbon dioxide. 

The normal tissues fall into two groups: those 
with a high capacity for oxidizing glucose, such as 
kidney, brain, and heart; and those with a rather 
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low capacity—namely, liver and skeletal muscle. 
The four tumors have rates of glucose oxidation 
which are intermediate between the higher and 
lower normal tissues, and they exhibit a surpris- 
ingly narrow range of variation. This observation 
is in harmony with the views of Greenstein (1), 
Potter (9), and others, who have pointed out that 
tumors tend to have a similar metabolic pattern. 
Table 3 shows that the natural, 16-carbon acid, 
palmitic, is oxidized by all three tumors at rates 
about equal to its oxidation by normal liver and 
kidney. 

The data in Table 4 on lactic acid oxidation are 
of particular interest because of the high aerobic 
glycolysis of neoplastic tissue. Here again we ob- 
serve a wide range of variation in oxidative capac- 
ity between normal tissues, as compared to a rela- 
tively narrow range in the five tumors studied. 


TABLE 3 


PALMITATE* OXIDATION BY NORMAL 
AND NEOPLASTIC TISSUES 


Tissue 0.C. 

Normal rat: 
Kidney 39.8 
Liver (fasted) 18.6 
Liver (fed) 10.0 
Liver of tumor-bearing rat 8.7 

Neoplastic: 
Hepatoma (mouse) 20.3 
Hepatoma (rat) 13.6 
Mammary adenocarcinoma (mouse) 11.0 
Rhabdomyosarcoma (mouse) 16.5 


* Substrate concentration = 0.001 m. 


Some comparisons are noteworthy; hepatoma oxi- 
dizes lactic acid faster than liver, and rhabdomyo- 
sarcoma oxidizes lactate more rapidly than skeletal 
muscle. This latter comparison may be unfair, 
however, since it is difficult to maintain good res- 
piration in minces of skeletal muscle. Other data 
are available for other substances such as short- 
chain fatty acids and for succinic acid; but the ex- 
amples cited are sufficient to indicate that these 
tumors oxidize glucose and fatty acids about as 
well as do normal tissues. 

The question which now emerges is whether 
these oxidations proceed by the same pathways in 
tumor as in normal tissues. A categorical answer 
would require a complete documentation of each 
step in the paths of carbon and electron transport, 
and this has not been done. However, again by 
means of the isotopic tracer method, definite evi- 
dence was obtained for the participation of citric 
acid as an intermediate; and this can be taken as 
rather conclusive evidence for the occurrence of 
the citric acid cycle, which is the mechanism uti- 
lized by normal tissues for the oxidation of carbo- 
hydrates and fatty acids. The procedure employed 


was to incubate the tumor slices with the labeled 
substrates in the presence of a large amount of 
normal, nonisotopic citric acid. We anticipated 
that if isotopic citrate were formed metabolically, 
a small amount of it might mix with the unlabeled 
citrate, be trapped thereby, and could then be de. 
tected by the presence of radioactivity in the cit. 
rate isolated and purified after recovery from the 
solution. The data shown in Table 5 are only of 


TABLE 4 


LACTIC ACID* OXIDATION BY NORMAL 
AND TUMOR TISSUES 


Tissue 0.C. 
Normal: 
Rat liver 
“ kidney 152 
“ heart 148 
“ muscle 
“brain 112 
“ spleen 130 
Mouse liver 
“ kidney 440 
“heart 108 
muscle 
Neoplastic: 
Rat hepatoma 61 
Mouse hepatoma 87 
“ Andervont hepatoma 48 
“Sarcoma 37 104 
“rhabdomyosarcoma 72 
“ mammary adenocarcinoma 65 
“Ehrlich ascites 116 


* Carboxyl-labeled lactate, concentration = 
0005 M. 


TABLE 5 
RADIOACTIVE CITRATE FROM TUMOR OXIDATIONS 
Quinidine 
citrate 
Activity activity 
Tissue - Substrate (c/m) (c/m) 
Normal, mouse: 
Heart Glucose 5.5 X10° 
Liver 
Kidney 
Neoplastic, mouse: 
Hepatoma Glucose 1.37X 10° 
Mammary tumor 
Rhabdomyosarcoma “ 5.5 X10° 
Ehrlich ascites 
Mammary tumor Acetate 1.4 X10° 
Palmitate 66, 200 
Hepatoma 
Rhabdomyosarcoma 


qualitative significance, because we do not have 
any way of determining to what extent the extra- 
cellular added citrate comes into equilibrium with 
the metabolic, intracellular citrate. It seems fair, 
however, to assume that such equilibration would 
be very slow; consequently, the low activities ob- 
served are not at all unexpected. Further sit 
nificance is added to these results by comparins 
them with results of similar experiments with nor 
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: mal tissues. Of the three tested, only kidney gave 
a citrate activity comparable to the tumors. The 
| Jow uptake of activity in citrate by heart and liver 
Bis probably due to preferential oxidation of citrate, 
since oxidation of glucose was very low in these 
| experiments in the presence of citrate. 


Assay of tumors for enzymes of the citric acid 


| cycle —Further evidence for participation of the 
) citric acid cycle in tumor oxidations has been ob- 
’ tained through assays of the tumors for individual 
» enzymes of the citric acid cycle. Perhaps the most 
| interesting of these, from the standpoint of tumor 
metabolism, is the “‘condensing’” enzyme. This 
' enzyme which has been studied, and recently ob- 
- tained in crystalline form by Stern, Shapiro, and 
- Ochoa (11), carries out the condensation of acetyl- 
' CoA, a compound of acetate with the new co- 


TABLE 6 
CONDENSING ENZYME ASSAY 


Micromoles citrate/ 
10 min/100 mg 


Tissue acetone powder at 25° 
Mouse liver 1.53 
Rhabdomyosarcoma 1.45 
Hepatoma 2.90 
Mammary tumor 3.30 


enzyme, of which pantothenic acid is a component, 
_ toyield citrate and CoA, as shown in equation (1). 


condensing enzyme 
Ac-CoA + Oxalacetate - 


Citrate + Coenzyme A. (1) 
Since it is impossible to obtain acetyl-CoA as 


' such, it has to be synthesized in situ. This can be 
done by afactor present in an extract of lyophilized 
_ E. coli, which catalyses the transfer of acetyl from 
_ acetyl phosphate to coenzyme A (equation [2]). 


E. colt factor 
Acetyl phosphate + CoA a 


Ac-CoA + phosphate. (2) 
Thus, by adding acetyl phosphate, E. coli ex- 


tract, coenzyme A, and oxalacetate to a tissue, the 
| extent of citrate formation is a measure of its con- 


tent of condensing enzyme. Some comparisons are 
given in Table 6. 


The values are in micromoles of citrate pro- 


| duced per 10 minutes/100 mg of acetone powder. 
. From the data presented the condensing enzyme 
| Spresent in amounts as high as or higher than in 
| tormal mouse liver. Data for the three dehydro- 
| Senases, lactic, malic, and isocitric, are given in 


— 7. While quantitative differences are evident 
tween normal and tumor tissues, these are no 


steater than between different kinds of normal tis- 
ws Of all the enzymes studied aconitase exhib- 
led the greatest difference, being considerably 


lower in tumor than in normal tissues (Table 8). 
However, this enzyme is notably labile (2), and 
there is no certainty at present how much inac- 
tivation occurred during preparation. At any rate, 
aconitase is undoubtedly present in the tumors 
studied. Fumarase occurs in tumors in amounts 
comparable to those in normal tissues, and oxal- 
acetic decarboxylase activity in tumors is of the 
same magnitude as in normal tissues. 


TABLE 7 
DEHYDROGENASE ASSAYS IN ACETONE 
POWDER EXTRACTS* 
Units t/MG ACETONE POWDER 
TIssvuE Lactic Malic Isocitric 

Normal: 

Heart (rat) 320 383 56.0 

Liver (mouse) 200 256 10.8 

Kidney (rat) 104 173 66.0 

Muscle (mouse) 520 330 15.6 
Neoplastic: 

Rhabdomyosarcoma 160,220 148, 208 6.7 

(mouse) 

Mammary tumor (mouse) 168 380 16.0 

Hepatoma (rat) 238 540 12.5-12.8 

Hepatoma (mouse) 108 288 14.8 

Ascites 165 200 4.8 


* Acetone powders prepared from pooled tumors. 


t Each unit represents a change in optical density of 0.01 per minute at 
24°-26° at 340 mu. 


TABLE 8 


ASSAYS OF ACONITASE, FUMARASE, AND 
OXALACETIC DECARBOXYLASE 


ACONITASE Fumarase OXALACETIC 
Units/mg DEcaR- 
Units/mg dry wt of BOXYLASE 
dry wt of acetone 
TIssvuE tissue* powder* Qco; 
Normal: 
Liver (mouse) 33 132 3.21 
Heart (rat) 72 96 
Kidney (rat) 50 62 
Liver (rat) 14-25 66 4.70 
Muscle (rat) 12 
Neoplastic: 
Rhabdomyosarcoma  2.2-5.0 50.2 2.17 
(mouse) 
Hepatoma (mouse) 7.0-8.3 61.5 1.26 
Mammary adenocarci- 3.1-5.9 49.5 
noma (mouse) 
Hepatoma (rat) 4.9 133 2.45 
Ehrlich ascites 3.48 


* A unit represents a change in optical density of 0.001 per minute at 
25° at 240 mu. 


Oxidation processes in tumor homogenates.— 
From the data thus far presented there appears to 
be no justification for assuming there is any funda- 
mental disturbance in carbohydrate or fatty acid 
metabolism in tumors. Glucose and palmitic acid, 
both natural foodstuffs, are oxidized as readily in 
tumor as in normal cells; and the high rate of 
lactic acid oxidation displayed by tumors is incom- 
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patible with the belief that the high aerobic glycol- 
ysis is due to inability of the tumors to oxidize 
lactic acid. Accordingly, the question of why py- 
ruvate and oxalacetate are not oxidized in tumor 
homogenates (10) assumes renewed significance. 
It seemed to us that lack of oxidative capacity of 
tumor homogenates might be due to destruction of 
some labile factor during homogenization. Some 
support for this viewpoint is found in the fact that 
glycolysis in both normal and tumor tissues is also 
inhibited by homogenization, but can be restored 
by the addition of various co-factors (1, 7, 8). 


TABLE 9 


EFFECT OF DPN LEVEL ON FUMARATE 
OXIDATION IN WASHED MOUSE 
HEPATOMA RESIDUE 


The medium contained the following: 
tumor homogenate, equivalent to 50 mg. 
of dry tissue; fumarate, 0.005 M; phos- 
phate, pH 7.4, 0.016 M; ATP, 0.002 M; 
cytochrome c, 0.1 mg.; Mg SO,, 0.003 M; 
yellow enzyme, 0.1 ml. in a total volume 
of 1.6 ml. Experiments run 1 hour at 38° 
in air. 


Added DPN 
final con- 
centration pl. Oo 
0 5.4 
41075 9.5 
4X10~4 25.1 
1.5107 77.0, 69.0 


TABLE 10 


OXIDATION OF CITRIC ACID CYCLE SUB- 
STRATES BY WASHED MOUSE 
HEPATOMA RESIDUE 


Conditions essentially the same as 
Table 9; final DPN _ concentration, 


0.0015 M. 
Substrate ul.Oo 
0 22.6 
Pyruvate 58.8 
a-Ketoglutarate 82.7 
Citrate 136 


The correctness of this assumption was borne 
out when it was found that pyruvate, oxalacetate, 
and other components of the citric acid cycle could 
be oxidized by tumor homogenates if these were 
strongly fortified with diphosphopyridine nucleo- 
tide. The results thus far obtained are regarded as 
preliminary, but there seems to be no doubt that 
oxygen consumption can occur even in well washed 
subcellular particles. Table 9 shows the effect of 
increasing concentrations of DPN, and Table 10 
gives data for several citric acid cycle components 
with optimal fortification with DPN. Table 11 
gives data for oxalacetate oxidation by whole ho- 
mogenates of four different tumors. DPN is the 


only co-factor having a consistent activating ¢f. 
fect; occasionally, activation was achieved with 
crude preparation of flavin adenine nucleotide, by 
few or no effects were found with cytochrome ¢, 
triphosphopyridine nucleotide, cocarboxylase, 
adenine nucleotides. 

In conclusion, we may again consider the factors 
concerned in the high glycolysis of tumors; and ty 
do this let us again refer to the celluJar engine jn 
Chart 1. From the results already presented it js 
fairly certain that all the horizontal and vertical] 
valves are open and functioning normally in ty- 
mors; and this leaves us with the only alternative 
of assuming that in tumors the rate of flow of car- 
bohydrate carbon atoms is very rapid—so rapid 
that the normal capacities of the valves and pipes 
are exceeded. Lactic acid accumulation, it seems, 
results from “backing up” of electrons and py- 
ruvate, because neither the electron transport 
enzymes nor the enzymes for pyruvate oxidation 
can cope with the rapid formation of their sub- 
strates. On the basis of the available evidence, this 


TABLE 11 


OXYGEN CONSUMPTION IN WHOLE 
TUMOR HOMOGENATES 


Conditions same as Table 9; final DPN concentration, 
0.0015 M. 


OXYGEN CONSUMPTIONS, ul, 


Additions 
None DPN OAA DPN+0AA 
Hepatoma (mouse) 45 152 28 252 
. (rat) 40 133 44 118 
Mammary tumor 33 142 48 136 
Rhabdomyosarcoma 63 168 66 167 


seems to represent the most reasonable explana- 
tion for the phenomenon of high aerobic glycoly- 
sis. 

Since high rates of glycolysis are a characteristic 
feature of growing tissues (whether malignant or 
not), one is led to the conviction that this high 
glycolytic rate is simply a result or a manifestation 
of the rapid growth. Although relationships be- 
tween growth and glycolysis cannot yet be stated 
in chemical equations, there seems to be good rea- 
son to believe that these processes would be highly 
integrated. Several obvious common factors In the 
two processes are the nucleotides, ATP and DPN. 
The parts these substances play in glycolysis are 
too well known to require further comment. It 1s 
becoming increasingly evident that the biosy2- 
thetic reactions, which both Drs. Potter and 
Zamecnik are discussing, utilize the high-energy 
phosphate bonds of ATP for their energy requitt- 
ments. On these grounds it seems plausible that 
rapid growth would be associated with changes 
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the intracellular proportions of ATP, ADP, and 
phosphate, and such changes would most certainly 
lead to profound alterations in glycolytic rates. 

It is also most probably true that many of these 
synthetic reactions which are reductive processes 
(amination, fatty acid synthesis, etc.) are coupled 
with oxidative processes through common co- 
enzymes. Rapid growth can therefore be presumed 
to alter the ratio of reduced to oxidized DPN; and 
since these different forms of the nucleotide have 
different affinities for the apoenzymes, a small 
change in their ratio could conceivably lead to 
great changes in the over-all rate of such a DPN- 
dependent process as glycolysis. 

It is hoped that experimental appraisal of these 
concepts will clarify the relationship of glycolysis 
to protoplasmic synthesis. At any rate, whatever 
may be the cause of the high aerobic glycolysis in 
tumors, it seems definite now that it is not due to 
quantitative or qualitative peculiarities of oxida- 
tive metabolism. 
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Paper No. 4 in the Symposium on Intermediary Carbohydrate 
Metabolism in Tumor Tissue 


Studies on the Carbohydrate and Protein 
Metabolism of the Rat Hepatoma* 


PauL C. ZAMECNIK, Rospert B. Lortrietp, Mary 
L. STEPHENSON, AND JEAN M. STEELE 


(Medical Laboratories of the Collis P. Huntington Memorial Hospital of Harvard 
University, Massachusetts General Hospital, Boston, Mass.) 


The availability of carbon 14-labeled glucose 
has made it possible to re-investigate and extend 
Warburg’s (34) finding of an increased aerobic 
glycolytic rate in tumors. While this metabolic 
property of neoplasms to degrade glucose to lactic 
acid at an accelerated rate is shared by certain nor- 
mal tissues, it remains perhaps the nearest ap- 
proach to a biochemical peculiarity of tumor 
tissue. 


C.p.m. 
$00r- 


3CO} 


200}- 


100}- known glucose 


12345678 9 14 15 16 17 18 1920 
centimeters 


Cuart 1.—Peaks of radioactivity found in glucose-C" pre- 
pared from purified starch; 10 c.mm. of a solution containing 
2,000 c.p.m. in approximately 20 ug. of glucose was chromato- 
graphed. This type of preparation was used in the early experi- 
ments. 


Although glucose has been labeled by direct or- 
ganic chemical methods (11, 15, 28) in a single po- 
sition, it appeared advantageous to employ glu- 
cose labeled in all 6 carbons for a study of the fate 
_of glucose fragments in the flow of the various 
metabolic currents within the cell. 


* This is publication 738 of the Harvard Cancer Commis- 
sion. This work was supported by grants-in-aid from the Ameri- 
can Cancer Society and the Atomic Energy Commission. 
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METHODS 


PREPARATION OF C!4-LABELED GLUCOSE! 


C!4-labeled glucose was prepared from bean 
leaves according to either the method of Villee and 
Hastings (33) or a combination of the methods of 
Putnam et al. (25) and Pucher et al. (24). It was 
found by paper chromatography (21-23) that a 
small percentage of a radioactive contaminant was 
present in the product obtained by either method, 
in our hands (Chart 1). Further purification was 
achieved by a chromatographic method similar to 
that described by Udenfriend and Gibbs (31). 

The yields of glucose-C!* obtained from starch 
were only a few per cent of the BaC!4Q; added. In 
order to improve the total yield and to obtain 
fructose-C!4, the 80 per cent alcoholic extract of 
bean leaves was treated according to Putnam et al. 
(25) (Chart 2), except that paper chromatographic 
purification was substituted for crystallizations. 
The procedure used differed from that of Uden- 
friend and Gibbs (31) in that a single strip of rela- 
tively thick filter paper was used for chroma- 
tography rather than a number of thin strips. | 

Quantities of material up to 30 mg. were dis- 
solved in a minimum of water and were pipetted 
along a 10-cm. horizontal line near the top of @ 
sheet of Whatman No. 3 filter paper, 50 cm. In 
length. Ten pipettings from a 10-c.mm. pipette 
were used to keep the solute line a thin one, cover- 
ing a@ minimum band width. Descending chro- 
matograms were run, with butanol-acetic acl 
(21). Chromatograms were run for approximately 
48 hours, the solvent front being allowed to drip 

1 BaC'4O; and some of the glucose used in these experiments 
were supplied by the Isotopes Division, U.S. Atomic Energy 


Comm., Oak Ridge, Tenn. We are especially indebted to Dr. 
Martin Gibbs for generous samples of glucose-C™. 
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off the paper for at least 12 hours. A strip of paper 
afew mm. wide was cut off each side, and a similar 
strip was cut down through the middle of the filter 
paper. These strips were then sprayed with am- 
moniacal silver nitrate (21), to locate the positions 
of glucose and fructose. Known samples of glucose, 
fructose, and sucrose were also chromatographed 
on adjacent paper strips for identification of po- 
sition. Location of the bands was also outlined by 
fluorescence, using a Mineralight lamp, in order 
to facilitate the cutting. 

A strip of the chromatogram 2 mm. in width 
was cut off and divided lengthwise into 1-cm. seg- 


C.p.m. 
200° 


160/- 


120}- 


80+ 


40} 


known fructose 


24 6 8 10 12 14 I6 18 20 22 24 26 28 30 32 34 36 38 40 
centimeters 


Cart 2.—Peaks of radioactivity found in a glucose prepa- 
ration obtained by crystallizing glucose-C" out of an alcoholic 
extract of bean leaves. The unlabeled contaminant is probably 
sucrose, since a parallel chromatogram showed inert sucrose 
to move with the same RF value, and a sample of known 
sucrose-C!4 gave a single peak in this same region. 


ments, which were mounted consecutively on brass 
discs and assayed for radioactivity. In this way the 
location of a glucose band, free from fructose and 
sucrose, was possible. The horizontal band con- 
taining the glucose was then cut from the rest of 
the chromatogram. Some inert paper was sewed 
onto this active piece, dipped into a trough of 
water, and the glucose was eluted by dripping off 
asa descending chromatogram from the lower end 
of the paper strip, to which a piece of inert paper 
terminating in a point had been sewn. The eluate 
dripped into a small funnel inserted in a test tube. 
Two ce. of water has been sufficient to elute an 


active piece of paper 10X8 em. in size. This aque- 


ous solution of glucose also contained acetic acid 
and butanol from the original chromatograph. The 
solution was lyophilized to dryness, and the glucose 
was taken up in water. We have rechromato- 
graphed this preparation of glucose, using two dif- 
ferent solvent systems (phenol-water, and butanol- 
water), and have found only one peak of radio- 
activity (Chart 3). A chromatographic purification 
method has also recently been described by 
Noggle and Bolomey (20). 


SYNTHESIS OF LABELED COMPOUNDS 


The pt-alanine-1-C' was prepared by conven- 
tional methods (13), and no particular difficulties 
were encountered. 

Calcium lactate-1-C!4 was synthesized by hy- 
drolysis of acetaldehyde cyanhydrin (6). 

Pyruvic acid-2-C, however, presented a prob- 
lem. When acetyl cyanide was hydrolyzed by the 
method of Tschelinzeff and Schmidt (30) or of Cal- 
vin and Lemmon (5), by far the largest part of the 
radioactivity appeared in acetate. If acetyl cya- 
nide was hydrolyzed to the amide (2) and the 
amide hydrolyzed with hydrochloric acid, only 60 
per cent of the radioactivity appeared to be in the 
form of pyruvic acid, although a larger fraction 
could be isolated as pyruvic acid dinitrophenylhy- 
drazone. Presumably this is accounted for by the 
partially reversible aldolization reactions of pyru- 
vate. The best method for obtaining “‘pure”’ py- 
ruvate consisted in adding a saturated ethanolic 
solution of sodium acetate to an ethanolic solution 
of pyruvic acid-2-C!*. The sodium pyruvate which 
precipitated contained 85-90 per cent of the radio- 


Cc.p.m. 
S00 


400; 


300}- 


200;+ 


100 
known glucose 


centimeters 


Cuart 3.—Chromatogram of glucose solution after puri- 
fication on thick paper. A solution of glucose which had been 
purified as described in the text was pipetted in a spot on a strip 
of Whatman No. 1 paper; 10 c.mm. contained approximately 
12,000 c.p.m. in 30 yg. of glucose. This chromatographically 
pure preparation was used in the later experiments. 


activity in a single peak in a paper chromatogram, 
run according to Magasanik and Umbarger (14). 
This peak corresponded to authentic sodium py- 
ruvate. The sodium pyruvate-C!* appeared to be 
stable in the dry state, but the great instability of 
pyruvates is indicated by the fact that after 3 
months in a frozen solution, paper chromatogra- 
phy showed that only 20 per cent of the pyruvate 
was unchanged, and three new peaks containing 8, 
50, and 20 per cent of the radioactivity had 
appeared. 


Recovery or 


After incubation, 0.5-cc. aliquots of the gas 
phase were withdrawn into a I-cc. greased tuber- 
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culin syringe. The air was introduced into a closed 
60-cc. flask containing 5 ce. of 5 N NaOH (CO-- 
free) and 0.1 mm NazCOQ3. This was shaken vigor- 
ously, allowed to stand overnight, and then excess 
BaCl, was added. The NaOH was almost neutral- 
ized, using HCl. All the precipitate was filtered 
and mounted on brass discs for counting (10). 
This contained 0.1 mm of inert BaCQ; plus a neg- 
ligible amount of CQ». The total radioactivity 
present in the CQ, in the gas phase of the flask was 
calculated from the counts obtained from the 0.5- 
cc. aliquot and the total volume of the gas. In or- 
der not to interfere with the usual washing and 
processing of the slices after incubation, acid was 
not tipped into the incubation medium to drive 
out dissolved CQs, except in an occasional in- 
stance. We have therefore expressed results as 
counts per minute in the gaseous CQ, in the ves- 
sels. 
EXPERIMENTAL CONDITIONS 


The medium used was that of Anfinsen e¢ al. 
(1), containing the following ions expressed in 
Ca++, 10; Nat, 32; K+, 73; Cl-, 85; HCO;, 
40. Alanine and sodium pyruvate used by Anfinsen 
were omitted. The pH was 7.4. Incubation was for 
2 hours at 37° C. in an atmosphere of 95 per cent 
oxygen, 5 per cent carbon dioxide. 

Experiments were carried out either in Warburg 
vessels or in flat-bottomed tubes, 2.5 em. X9.5 em., 
stoppered with rubber vial caps. Each flask usually 
contained 1 ec. of medium, two or three slices of 
liver, 0.1 cc. of glucose-, pyruvate-, lactate-, or 
fructose-C* solution (about 60,000 c.p.m.), and 
0.1 ce. of solution containing additional substrates. 

Hepatomas were produced, as previously de- 
scribed (37), in young female Harvard colony rats. 
In most experiments the rats were starved 3-6 
days prior to use. 


TREATMENT OF SLICES AFTER INCUBATION 


After incubation, tissue slices were first removed 
from the medium and washed in approximately 3 
ce. of water, which was added to the medium. The 
slices were then washed with 2 20-cc. portions of 
water. They were homogenized in 5 cc. of water in 
a Potter-Elvehjem homogenizer and the proteins 
precipitated by addition of 5 cc. of 8 per cent tri- 
chloroacetic acid. The precipitate was washed 
twice with 10 cc. of 4 per cent trichloroacetic acid, 
once with 10 cc. of hot 4 per cent trichloracetic 
acid (90° C. for 20 minutes), once with 10 cc. of 
~ warm absolute alcohol, once with 10 cc. warm al- 
cohol:ether: chloroform (2:2:1), and once with 10 
ce. of warm acetone. The latter three washings 
were pooled and were considered the lipid fraction. 

After each experiment, the medium was quan- 


titatively removed from the flasks, made to 10 ec 
with water, and was frozen. 


PREPARATION OF SAMPLES FOR CounTING 


Protein.—The washed protein was dried by 
heating the tube slowly to boiling in a bath or by 
letting the tube stand at room temperature over. 
night. The dry protein was homogenized in ace. 
tone and plated on to filter paper (Whatman No. 
50) in an apparatus similar to the one described by 
Melchior and Tarver (16). The area of the samples 
was 3.8 cm.” The protein was scraped off the hard 
filter paper after counting and was weighed. Self. 
absorption corrections were made for thickness of 
the protein sample, with a correction curve con- 
structed by Siekevitz (27). A total of 1,024 or 2,048 
counts was collected, and the statistical fluctua- 
tion due to counting was approximately 5 per cent. 
The over-all reproducibility of the counting pro- 
cedures was as previously described (37). 

BaCOs3 precipitates obtained by ninhydrin decar- 
boxylation of protein hydrolysates——In a few ex- 
periments the washed protein was hydrolyzed over- 
night in 1 cc. of 6 N HCl in an autoclave. The ninhy- 
drin procedure was used to split off the a-carboxy| 
groups of amino acids. The carbon dioxide liberated 
was trapped in barium hydroxide, and the barium 
carbonate formed was filtered and counted (37). 

Lipids —The hot alcohol, hot alcohol:ether: 
chloroform, and hot acetone washings were com- 
bined. An aliquot was put in a stainless steel or 
nickel dish, dried in air, and was counted. No at- 
tempt was made to correct for the self absorption 
of the lipids, as the amount in the dishes was 
negligible in most cases. 


MIscELLANEOUs METHODS 


All counts obtained, unless otherwise stated, 
have been corrected to zero thickness. 

Glucose concentration of the media was deter- 
mined by using Nelson’s adaptation of the So- 
mogyi method (19). 

The total radioactivity in glucose was deter- 
mined by adding 0.20 gm. of inert glucose to an 
aliquot of the incubation medium followed by 
preparation, crystallization, and radioassay of the 
glucosazone. The value obtained was compared 
with the figure obtained as a result of processing 4 
known amount of glucose-C, under the same 
conditions. 

Lactate determinations were carried out accord- 
ing to the method of Barker and Summerson (3), a 
modified in Umbreit (32). 

Keto acids were determined as dinitropheny!- 
hydrazones (8). 

Glycogen was measured according to Good, 
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Kramer, and Somogyi (9), and fructose according 


to the method of Roe (26). 


RESULTS 


In vitro results—In Table 1 are summarized 
the results of an experiment in which control and 
neoplastic hepatic tissue slices have been incubated 
with glucose-C™ in the presence and absence of oxy- 
gen. The radioactivity in the protein fraction of the 


| slices was determined by ninhydrin decarboxyla- 


tion of the protein hydrolysate and by the simpler 
procedure of counting the washed protein directly. 
The ninhydrin method served as a check on the 


| question of whether the radioactivity associated 


with the protein is really located in amino acids. 
The greater incorporation into the hepatoma 


| protein is evident. This has been mentioned pre- 


viously (38). A slight amount of incorporation oc- 


curs anaerobically, in agreement with findings of 


Winzler, Krause, and Slater (35), and here again 


itis greater in the hepatoma protein. The impli- 
cation that radioactivity is located in positions 


other than the carboxyl] position of amino acids is 


» discussed at greater length later. 


ber of counts, in the form of glucose-C', were 
added to each flask, but were diluted with varying 
amounts of inert glucose. From these results it ap- 
pears that at all concentrations of glucose used the 
conversion to protein carbon is greater in the hepa- 
toma slice. There is a suggestion, however, that in 
this conversion process the hepatoma slice operates 
at nearer its maximal rate at the lowest glucose 
concentration than does the normal liver slice. The 


TABLE 1 


INCORPORATION OF C14 FROM LABELED GLUCOSE 
INTO LIVER SLICE PROTEIN 


CONTROL LIVER HEePATOMA 
Nitro- Nitro- 
Oxygen gen Oxygen gen 
c.p.m. 
588 12 6 , 250 99 
12 mg. protein 
c.p.m. 
148 2,040 9.6 
0.1mM BaCO; 


The experimental conditions are described in the text. Each flask con- 
tained 0.44 mg. glucose-C'4 containing 260,000 c.p.m. This represents a spe- 
cific activity of approximately 0.4 mc/mm. In all the tables the figures repre- 
sent the average of duplicate determinations. Rats were not starved. 0.1 mm 
BaCOsz represents approximately 12 mg. of protein. The activity in each 
case has been corrected to zero thickness, as stated in the text. 


TABLE 2 


TO PROTEIN CARBON 


EFFECT OF GLUCOSE CONCENTRATION ON THE CONVERSION OF GLUCOSE CARBON 


ConTROL HEPATOMA 
Glucose concentration Glucose concentration 

0.0007 0.006 mu 0.028 0.0007 m 0.006 m 0.028 
C.p.m. per milligram protein 3.6 3.6 1.6 104 60 18.6 
Per cent glucose converted to protein 0.07 0.06 0.03 2.2 Baa 0.21 
Per cent protein carbon derived 0.0004 0.003 0.006 0.01 0.05 0.05 

from glucose carbon 

Mg. lactic acid per flask 0 0.04 0 0.24 0.62 0.81 


Experimental conditions described in text. 
Each flask contained 100,000 c.p.m. in glucose. 
Rats were starved 6 days. 


The question arises whether the above-men- 
tioned results may be artifacts, due to a greater 
dilution of glucose-C in the normal hepatic slice 
by inert glucose derived from glycogen stored in 
the slice. Whereas the liver glycogen level was 
found to be 2.1, 2.7, and 4.4 per cent of the wet 
weight in three normal, unstarved rat livers, it was 
found to be 0.04, 0.09, and 0.15 per cent in three 
hepatomas. Rats were therefore starved for vary- 
ing lengths of time, and it was determined that 
after 6 days’ starvation no glycogen could be de- 
lected in either normal liver or hepatoma. Slice 
“periments were carried out on such rats, and the 


differences previously observed on increased con- 


| Version of glucose-C™ into C'-labeled protein in 


the hepatoma slice were confirmed, as illustrated 


| 1 Table 2. The increased lactic acid production in 


the hepatoma slice is also shown. The same num- 


possibility that differences in dilution by endoge- 
nous metabolites may be responsible for some of 
the apparent rate changes must also be considered. 

To test the reproducibility of this metabolic 
finding, a series of nine experiments have been 
carried out embracing various states of the animal 
prior to the slice experiment—starvation, hy- 
pophysectomy, and alloxan diabetes, plus varia- 
tions in glucose concentration and incubation time. 
Under these diverse circumstances (Table 3), the 
conversion of C4 from glucose to protein, CO», and 
lipid was in all cases greater in the hepatoma slice 
than in the normal liver slice (the ratios are given 
as H/N values). 

In making this type of metabolic comparison, it 
would be useful to include many types of normal 
tissues rather than a single one. Among the normal 
tissues sharing with neoplastic tissue a high rate 
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of aerobic glycolysis are kidney medulla and brain. 
Table 4 shows that the conversion of glucose-C4 
to protein-C in the hepatoma slice exceeds that 
in these two tissues, although the rate of disap- 
pearance of glucose was in the same range as that 
of the hepatoma. The kidney medulla behaves 
much more like the hepatoma in conversion of 
glucose carbon to protein than does the brain slice. 


graded all the way to in the above-mentione 
series of experiments, or whether it may be ep. 
verted by way of 2-3 carbon fragments. One gy. 
periment bearing on this point is summarized in 
Table 5. It appears unlikely from these data tha 
the glucose molecule is degraded all the way ty 
CO, before resynthesis to hepatoma protein, al. 
though the evidence is not so persuasive in the 


TABLE 3 
INCUBATION OF LIVER SLICES IN GLUCOSE-C!4 
DATE OF PROTEIN* Carson DioxipEet Lipwt 
EXPER. Normal Hepatoma H/N Normal MHepatoma H/N Normal Hepatoma H/N 
11-1-49 47 507 11 
11-7-49 49 520 10 
11-29-49 3.6 105 28 
4-13-50 0.55 y 4 41 
1-16-50 56 2,560 46 
1-26-51 5.5 91 16 400 1,400 3.6 116 304 2.6 
2-16-51 6.9 57 8 350 1,580 4.5 38 181 4.8 
2-17-51 2.8 49 17 21 210 10 
3-8-51 7.5 85 11 691 5,400 7.8 63 428 6.8 
oe 260,000 ¢.p.m. in 0.44 mg. glucose. Rats not starved. 
11-29-49, 100,000 c.p.m. in 0.18 mg. glucose. Rats starved 6 days. 
4-13-50. 17,000 c.p.m. in 0.1 mg. glucose. 30-minute incubation. Rats starved 5 days. 
1-16-50 1,255,000 c.p.m. in 1 mg. glucose. Rats starved 4 days. 
ena 60,000 c.p.m. in 0.02 mg. glucose. Rats not starved. 
2-17-51. “ Alloxan diabetic rats, not starved. 
Nonmalignant rat blood sugar, 380 mg/100 cc blood, hepatoma rat blood sugar, 
408 mg/100 cc blood. 
3-8-51. Hypophysectomized rat with hepatoma, nonhypophysectomized control 
rat. Rats not fasted. 60,000 c.p.m. in 0.02 mg. glucose. 
* Cpm/mg protein. 


t Cpm/100 rag wet tissue. Total C1402 produced per 100 milligrams wet tissue would be roughly 3 times that found in the gas phase in experi- 
ments 1-26-51 and 2-16-51, and roughly 1.5 times that found in experiment 3-8-51, because of differences in flask volume. 


TABLE 4 


CONVERSION OF GLUCOSE-C!* TO PROTEIN-C!4 
IN RAT TISSUES 


Per cent of 

C.p.m. per glucose- 

milligram C14 dis- 

protein appeared 
Hepatoma 20.4 79 
24.7 84 
Control-hepatoma 0.60 49 
Normal liver 0.54 36 
0.56 36 
Kidney medulla from normal rat 5.3 51 
6.3 43 
Brain from normal rat 0.68 73 
0.39 61 


Each flask contained 0.1 mg. glucose-C', containing 16,800 c.p.m. 30 
minute incubation. Rats were starved for 5 days. Glycogen was not de- 
termined in this experiment. Control-hepatoma is the designation for the non- 
malignant or control part of a hepatoma-containing liver. 


In Chart 4 is shown a comparison of the rate of 
CO, production from glucose in the normal and 
neoplastic liver slice. We have consistently found 
a greater rate of degradation to CQ, in the neo- 
plastic liver slice. 

In previous experiments (7, 36) we have found, 
in agreement with Anfinsen et al. (1), that, if tissue 
slices are incubated in a medium containing 
NaHC"0O;, C!4 becomes fixed into proteins. 
The question arises whether the glucose-C* is de- 


DEGRADATION OF c!4-cLucose TO 
COUNTS jooh- 
PER Hepatoma 
MINUTE eo} 
Normal Liver 


60 120 180 6240 


MINUTES 


Cuart 4.—Each flask contained 340,000 c.p.m. in 0.84 mg. 
of glucose-C", 2 cc. of medium, and either 4 slices of normal 
liver or 6 slices of hepatoma. Rats were starved 5 days. 0.4 ce. 
of the gas phase was withdrawn at 15, 30, 60, 120, and 210 
minutes from the start of the experiment. The CO» was trappé 
and counted as described in the text. The radioactivity } 
recorded as cpm/mg wet liver at zero thickness. As an index 
of total C“O, produced, the later hepatoma values may be 
much as 15 per cent high, due to displacement of CO; from 
the medium by the lactic acid being produced. 


normal slice. It is also true that CO; added toa 
slice from the outside may behave differently from 
C140, produced within the cell. 

In order to locate the radioactivity in the pr- 
teins, washed protein from a hepatoma slice an 
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fom a normal liver slice was hydrolyzed, and 
starch column chromatograms were run (17, 18, 
29, 36). The results are shown in Charts 5-7. In 


the hepatoma protein, radioactivity was located in 
) the peaks identified with glutamic and aspartic 
' acids, alanine, glycine, serine, and proline; and 
» also with the leucine-isoleucine and methionine- 


TABLE 5 


COMPARISON OF GLUCOSE-C!* AND CQ» AS SOURCES 
FOR INCORPORATION OF CARBON INTO 


LIVER PROTEIN 
CoNnTROL HEPATOMA 
3 COz2 Glucose COz2 Glucose 
Protein 
cpm.per0.1mMBaCO; 28 35 17 864 


This table represents two fairly 


(i and the other as 0.01 mm of NaHC4Q3. One cc. of Anfinsen’s medium 


| without pyruvate or alanine in each flask. In both cases, flask contents were 
’ buffered with 0.04 m bicarbonate, with 5 


rcent CO: in the gas phase. 


» The counts tabulated are obtained from ninhydrin decarboxylation of the 


washed, hydrolyzed protein. Experiments on COs fixation in normal and 


| malignant hepatic slices have previously been described (36, 7). Counts are 
recorded at 0.1 mo thickness of BaCOs. 


hepatoma hydrolysate 
_ leucine c'*- glucose 
isoleucine 
220)~ —|1500 
E ’ oO 
alanine 
glutamic acid a 
@ 
phenylalanine 
5 methionine giycin 
valine proline asparti pee 
~\threonine -|500& 
E tyrosine itheonine / 2 
20 3 34 62 


Effluent cc 


Cuart 5.—Separation of amino acids in hepatoma protein 


hydrolysate. Three hepatoma slices were incubated as de- 
_ scribed in text, in a medium to which was added 1 mg. of 
| glucose-C!4 containing 1,250,000 c.p.m. The hepatoma protein 
hydrolysate added to the 1.1 cm. column contained 11,600 


¢.p.m. in 40 um of amino acids. The initial solvent system was 
1:2:1 n-butanol, n-propanol, 0.1 N HCl, and was shifted to 2:1 
propanol:0.5 n HCl, at 120 ec. The effluent contained sufficient 


_ tadioactivity to permit the collection of 0.2 ce. fractions on cop- 


per planchets ringed with beeswax, which were used directly 


for counting. Alternate fractions were collected in test tubes 


for colorimetric ninhydrins. The high peaks of radioactivity 


| eherging prior to the leucine-isoleucine peaks are unexplained. 


The shaded areas represent radioactivity. 


valine peaks. Separation of glutamic acid from 


| alanine required separate chromatographing under 


different conditions (Chart 6). The total counts in 
the normal liver protein were so low that it can 


only be stated with confidence that radioactivity 


ms found in glutamic and aspartic acids, and in 
alanine, The solvent system in this normal liver 
Protein fractionation was chosen so as to separate 


| glutamie acid from alanine on the first run. 


Rees probe this question a little more deeply, the 
danine, glutamic, and aspartic acid peaks from 


the hepatoma chromatogram were subjected to 
further study. Unfortunately, the same type of 
study was not possible on the corresponding peaks 
from the normal liver chromatogram, since too 
little radioactivity was present with which to 
work. Furthermore, a sizeable fraction of the total 


hepatoma hydrolysate 
c'*—glucose 
lutamic-alanine 
y= glutamic acid g separation -l80 ¢ 
—|60 
£ 
2 -|40 
5 -|20 
YY 


Effluent '°* 


Cuart 6.—Separation of the glutamic acid-alanine peak. 
An aliquot of the original hepatoma protein hydrolysate (0.08 
ce. containing 150 c.p.m.) was taken up in 0.5 cc. 2:1:1 ter- 
tiary butanol, secondary butanol, 0.1 N HCl, to which 4 un of 
glutamic acid, 1 uM of alanine, and 1 um of proline had been 
added as carrier for identification purposes; 0.2-cc. fractions 
were collected and assayed as described in Chart 5. 


normal hydrolysate 
C ~-qglucose 
-1500 
isoleucine mmoni 
10 serine D 
° | ‘glycine 
£ hreonine 2 
spartic 
acid s 


188 2122208208 
Effluent cc. 

Cuart 7.—Separation of amino acids in normal liver pro- 
tein hydrolysate. Two normal liver slices were incubated as 
described in text, in a medium to which was added 1 mg. of 
glucose-C™ containing 1,250,000 c.p.m. The protein hydroly- 
sate added to the 1.1 cm. diameter column contained 370 c.p.m. 
The solvent system was 2:1:1 tertiary butanol, secondary 
butanol, 0.1 Nn HCl. The solvent was shifted to 2:1 propanol: 
0.5 N HCI after 212 cc. had been collected. Unfortunately the 
colorimetric ninhydrin determination was a failure beyond 
the glycine peak because of a yellow color which appeared in 
the tubes. This we believe was due to corrosion by the solvent 
of a small piece of metal we had provided to prevent the drops 
from splashing on the copper planchets. No planchets con- 
tained any counts in this part of the chromatogram, however. 
A comparison of the total counts found in the three largest 
peaks in the chromatograms is as follows: 


Hepatoma Control 
Alanine 3,682 129 
Glutamic acid 3,318 220 
Aspartic acid 1,420 86 
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supply of glucose-C* had been expended to carry 
this single chromatographic experiment up to this 
point. 

The results, in the case of the hepatoma protein, 
are shown in Table 6. The total combustions reveal 
that more activity is present than can be account- 
ed for in the carboxyl positions of the molecules, 
in which positions the radioactivity was deter- 
mined by the ninhydrin procedure. This is in con- 
trast to the situation in CQ, fixation experiments 
(36), in which the radioactivity in aspartic acid 
was all accountable in the carboxy] positions. 


TABLE 6 


LOCATION OF RADIOACTIVITY IN AMINO 
ACIDS IN GLUCOSE INCORPO- 
RATION EXPERIMENTS 


CountTs/MIN/CC 
Nin- Total 
hydrin carbon 
Alanine 23 59 
Glutamic acid 16 44 
Aspartic acid 468 1,200 


Aliquots were taken for ninhydrin and total 
combustion determinations from pooled amino 
acid fractions from the glucose-C!4-hepatoma chro- 
matogram (Chart 5). Enough inert amino acid was 
added to give a 0.1 mm BaCOs; sample for counting. 
Results are expressed as total cpm/cc solution 
at 0.1 mm thickness. 


the H/N ratio for conversion to protein is not 
great as is the case for glucose-C". It is question. 
able whether there is any difference in rate of 
degradation to COs, and, in a single experimen; 
no difference in rate of conversion to lipid es 
found. There is no explanation for the great varis. 
bility in the conversion of pyruvate to lactate ip 
these three experiments. 

Two experiments were performed in which 
slices were incubated with lactate-1-C™, and the 
results are summarized in Table 9. Here it is likely 
that the C™ label was largely lost before acety| 
fragments were converted to lipid and to other 
complex molecules. The results do indicate that 
the hepatoma slice can convert lactate to pyruvate 
as well as the normal slice can. 

One of the interesting features of the pyruvate 
and lactate experiments is the poor gluconeogenic 
power of the hepatoma slice, under these experi- 
mental conditions. Such a possibility was sug. 
gested by Bierich (4) in 1928. This point is further 
illustrated in Chart 8, which shows that a normal 
liver slice from a 6-day starved rat continues to 
synthesize glucose, and that a net increase in glu- 
cose in the incubation flask occurs when the 
starved slice is incubated for 2 hours. In contrast, 


TABLE 7 
INCUBATION OF LIVER SLICES WITH FRUCTOSE-C!4 
DaTE OF PrRoTEIN* CARBON DIOXIDET Lipipt 
EXPER. . Normal Hepatoma H/N Normal Hepatoma H/N Normal Hepatoma H/N 
2-16-51 15.9 94 5.9 1,313 1,790 1.4 298 360 1.2 
3-30-51f 19.5 160 8.2 1,700 4,200 2.5 595 814 1.4 


Each flask contained 62,000 c.p.m. in 0.4 mg. fructose. Fructose prepared in this way has been found (31) to be randomly labeled. Rats 


were not starved. Same conditions as described in text. 
* Cpm/mg protein. 
t Cpm/100 mg wet wt liver. 


t Alloxan diabetic rat, not starved. The normal represents the normal part of the hepatoma-containing liver. The rat had a blood sugar of 


380 mg/100 cc. 


Two experiments were performed in which slices 
were incubated with fructose-C!*. The results are 
summarized in Table 7. In these two experiments 
there appears to be less difference in the degrada- 
tion to CO, and in the conversion to lipid between 
the normal liver and the hepatoma slice than was 
the case in the glucose-C!4 experiments. The al- 
loxan diabetic experiments (cf. also Table 3) failed 
to reveal any clear-cut distinction in the effect of 
diabetes on the fructose metabolism of the hepa- 
toma slice, as compared to the normal liver slice. 

Three experiments were performed in which 
slices were incubated with pyruvate-2-C™, and the 
results are summarized in Table 8. Although there 
is considerable variation in the conditions used in 
these few experiments, it is clear that the extent 
of gluconeogenesis in the hepatoma slice is much 
less than in the normal slice. It also appears that 


there is consistently a net glycolysis when 4 
starved (or unstarved) hepatoma slice is similarly 
incubated. 

In carrying out multiple determinations in a 
complex system such as a surviving tissue slice, 
there are doubtless artifacts and unknown errors 
which influence the results. Nevertheless, it may 
be useful to try to fit these diverse findings into 4 
tentative metabolic picture, as illustrated in Chart 
9. In comparison with the normal hepatic slice, 
the hepatoma is characterized by increased gly- 
colysis, decreased gluconeogenesis, increased ¢ol- 
version of pyruvate to protein, and a slight m- 
crease in oxidation of pyruvate to COs. There . 
little disturbance of the pyruvate-lactate equilibri- 
um, if either labeled pyruvate or lactate is used as 
an indicator. This latter situation agrees. with the 
conception that the increased lactic acid produc: 
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‘ tion in tumors is related to an increased rate of the of C'*-labeled glucose and C1*-labeled amino acids 
oxidative step of glycolysis when glucose is added. into protein are concerned. In each instance the 
| In vivo results.—It is necessary to call attention _ slice results indicate a greater rate of incorporation 
| to the discrepancy between our in vitro results and of the labeled compound into hepatoma protein 
© those obtained in whole animal experiments. This than into control liver protein; whereas no differ- 
© failure of agreement of slices and in vivo behavior ence is observed in the in vivo experiment. This 
) applies both to experiments in which incorporation situation with respect to C’*-labeled alanine has 


TABLE 8 
INCUBATION OF LIVER SLICES WITH PYRUVATE-C!4 
PRoTEIN* CARBON DIOXIDE* LactatEet 
4 Nor- Hepa- Nor- Hepa- Nor- Hepa- Nor- Hepa- Nor- Hepa- 
4 EXPER. mal toma H/N mal toma H/N mal toma H/N mal toma H/N mal toma H/N 
D 5-10 7.7 $3 43 1,310 1,280 1.0 40 20 0.5 0.083 0.005 0.06 
e 6-21 915 2,200 2.4 4,070 11,900 2.9 316 306 1.0 3.3 35 11 0.035 0.008 0.22 
E 6-27 115 259 2.2 5.0 2.7 0.6 0.057 0.007 0.12 


5-10. Rats starved 2 days, 30-minute incubation. 100,000 c.p.m. in 0.97 mg. sodium pyruvate. 
6-21. Rats starved 6} days, 2-hour incubation. 1,000,000 c.p.m. in 0.25 mg. sodium pyruvate. 
6-27. Rats starved 5 days, 4-hour incubation. 100,000 c.p.m. in 0.03 mg. sodium pyruvate. 
*C.p.m. per mg protein. 
+ y lactate in medium after incubation/mg protein. 


i » The quantity of glucose and glycogen present in the slices was found to be a small percentage of that 
| present in the medium. 


TABLE 9 
INCUBATION OF LIVER SLICES WITH LACTATE-C!4 
CARBON DIOXIDE* Lipip* PyrruvaTet GuiucosEet 
Nor- Hepa- Nor- Hepa- Nor- Hepa- Nor- Hepa- Nor- Hepa- 
| Exper. mal toma H/N mal toma H/N mal toma H/N mal toma H/N mal toma H/N 
; — 648 737 1.1 16,450 10,770 0.65 145 61 0.42 2.8 $.2 1.1 
j 6-27-50) 102 125 1.2 0.4 1.4 $3.5 0.045 0.003 0.07 


In the case of the hepatoma, it should be pointed out, there is the possibility of greater dilution of added lactate by endogenous lactate. 
* Cpm/mg dry protein in flask. 

t y pyruvate in medium after incubation/mg dry protein in flask. 

§ Rats starved 64 days. 0.8 mg. calcium lactate containing 1,000,000 c.p.m. per cc. medium (2 cc. in flask). 
| Rats starved 5 days. 4-hour incubation, 0.09 mg. lactate containing 100,000 c.p.m. 


GLUCOSE METABOLISM 
IN STARVED RAT LIVER 


SUMMARY OF REACTION RATES 
Ma | IN MALIGNANT VS. NORMAL HEPATIC SLICES 
MGS. 4, Normal Liver 
NET Net Gluconeogenesis 
CHANGE 0 a GLUCOSE 
IN 
GLUCOSE 
PROTEIN 

~~ _Hepatoma 

od Net Glycolysis PYRUVATE 
j j j LIP D 
n- 2 3 5 6 
i MGS. GLUCOSE INITIALLY 
Is PRESENT IN FLASK GO, 
‘- ‘ CHarr 8.—Glucose determinations were done on aliquots of 
as ¢media before and after incubation. The above chart repre- CHarT 9.—The increased glycolysis, decreased gluconeo- 
he | sents the net change which occurred during incubation. Ex- genesis, and increased conversion of pyruvate to protein in the 
" —" conditions are described in text. Rats were starved hepatoma slice are discussed in detail in the text. 
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been reported (36). The data in Table 10 summa- 
rize the results of an experiment in which glu- 
cose-C'* and fructose-C' were diluted with inert 
hexose and fed by stomach tube to normal and 
hepatoma-bearing rats. No difference in incorpora- 
tion rate of C™ into protein was found. From the 
figures in the total nonprotein fraction, however, 
we were led to wonder whether there might be a 
circulatory impairment in the hepatoma. 


TABLE 10 


In Vivo INCORPORATION OF LABELED 
HEXOSE INTO RAT LIVER 


NONPROTEIN 
cpm/5 mg 

PROTEIN wet liver 

No. cpm/mg Amino 
OF RATS dry protein Total acid 

Normal 3 $.7+0.3 61+ 9 13+4 
Control hepatoma | 3 4.0+0.9 93+13 10+1 
Hepatoma f 3.7+0.4 32+11 10+3 


Rats were starved 43 days. Each rat received by stomach tube 2.5 cc. of 
a 48 per cent sugar solution containing an equal mixture of glucose and fruc- 
tose. This contained 1.5 million counts approximately equally distributed be- 
tween glucose and fructose. Rats were killed after 3 hours. The nonprotein 
fractions were obtained by precipitating the proteins of a 10 per cent homoge- 
nate of liver by immersing the tubes in boiling water for 7 minutes. Aliquots 
of the supernatant obtained after centrifugation were plated directly on 
planchets for counting to obtain the total nonprotein counts. Ninhydrin de- 
carboxylation of another aliquot gave the counts present in the a-carboxyl 
group of the amino acids. The activity of the nonprotein fraction of plas- 
ma at the time of death was fairly constant in all the rats. The following 
cpm/0.1 ce plasma were obtained—hepatomas: 356, 298, and 256; controls: 
270, 288, and 271. 


bearing a hepatoma was injected intravenously 
with alanine-C™, and the liver was removed and 
immediately frozen on CO: snow 1 minute late, 
A block of frozen tissue was cut in a modified 
Linderstrém-Lang (12) freezing microtome box: 
and sections were laid against sensitive x-ray film. 
These sections, plus nonradioactive control see. 
tions, were kept frozen and in the dark in contact 
with the x-ray film for 1 week. The radioauto. 
graphs obtained (cf. Figs. 1 and 2) indicated less 
radioactivity in the tumor nodule than in the gy. 
rounding normal tissue. For comparison with the 
radioautograph, the block from which the sectioy 
was cut is shown. Since it was not easy to quanti- 
tate these radioautographic findings, a type of ex. 
periment similar in general type was planned, but 
with certain variations to permit better quantita. 
tion of results. 

A hepatoma-bearing rat was etherized, and a 
laparotomy was performed, exposing the liver. 
Alanine-C™ was injected intravenously into the 
jugular bulb, and 1 minute later the liver was re- 
moved and immediately frozen on CQ, snow. 

Neoplastic nodules were present in two lobes 
(Chart 10). A cylinder of frozen tissue 1 cm. in di- 
ameter and 3 cm. in length was drilled out of the 
large neoplasm (Chart 10, A) which replaced al- 


TABLE 11 


In Vivo INCORPORATION OF ALANINE-C!4 INTO RAT LIVER 
CONTINUOUS INFUSION OF ALANINE 


PRoTEIN* 
Control- 

MIN- hepa- Hepa- 

UTES Normal toma toma Normal 
2 0.43 0.30 0.27 110 
6 1.39 0.75 0.25 Q11 

10 2.91 1.81 0.80 376 


NONPROTEIN f 
AMINO ACID 
Control- Control 

hepa- Hepa- hepa- Hepa- 
toma toma Normal toma _ toma 

38 .4 26.1 72 37 24 
113 22 

306 209 246 172 117 


The normal rat (190 gm.) received byju ular vein 1 cc. of a 1M solution of alanine-C!4in saline containing 4,160,000 


c.p.m., at the rate of 0.1 cc. per minute. 


per minute. Thus each rat received the same amount of solution 
moved at 2, 6, and 10 minutes and were immediately frozen on 


he hepatoma (234 gm.) received 1.2 cc. of the same solution at the rate of 0.12 cc. 


r gram of body weight. Aliquots of hepatic tissue were re- 
Oc snow. Blood was withdrawn from the heart of each ani- 


mal immediately after the flow of alanine was stopped (at 10 minutes). The following nonprotein c.p.m. per 0.1 cc. plasma 
were obtained: normal, 11,000 c.p.m.; hepatoma, 8,700 c.p.m. The tissues were treated as in Table 10. 


* Cpm/mg dry protein. 
t Cpm/5 mg wet liver. 


An experiment was therefore carried out in 
which alanine-C'* was used as a convenient mea: 
ure of circulation to the hepatoma and normal live. . 
A continuous infusion of a solution of alanine-C™ 
was given intravenouslyovera 10-minute period into 
the jugular vein of an etherized rat bearing a hepa- 
toma, and similarly into a normal control rat. 
Aliquots of hepatic tissues were removed at 2 and 
6 minutes, and the animals were killed at 10 min- 
utes. The results shown in Table 11 suggest that 
the circulation to the hepatoma is impaired. 

As an independent test of this question, a rat 


most one entire lobe. Frozen sections 25 u thick 
were cut from this cylinder in the freezing box, 
and a “radioactivity histogram”? was constructed, 
after counting the dried sections on coppél 
planchets. 

As a repeating pattern three sections were 
mounted on dises for counting, two were mounted 
on slides for staining, and the equivalent of 60 sec 
tions was saved for fractionation into protein an 
nonprotein fractions, all the way through the 


2 Mechanical refrigeration was substituted for dry ice cook 
ing. 
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nodule. The histological sections revealed exten- 
sive necrosis in the center of the nodule, but very 
little necrosis in the periphery. 

A similar plug of tissue 1 cm. in diameter was 
cut from a nonmalignant lobe (B) of the liver. The 
most interesting finding was that the specific radio- 
activity per milligram of tissue was greater in the 
normal lobe (B) than in the periphery of the neo- 
plastic tissue, an average of 1,100 c.p.m. per sec- 
tion in the nonmalignant slice, as compared to 
600 c.p.m. in the malignant slice near the periph- 
ery of the nodule. The results (cf. Chart 11) also 
indicated that the circulation of this large tumor 
nodule was confined to the periphery and that the 


cylinders of tissue 
drilled out 


Cuart 10.—Schematic drawing of liver containing hepa- 
toma nodules. The shaded areas represent hepatoma nodules. 
Plugs of tissue removed from areas A, B, and C, are described 
in the text. 


center was avascular. Thus, the histogram pro- 
vides a biochemical description of an important 


- factor in the production of necrosis. 


A plug of tissue 0.5 cm. in diameter was cut 
through a smaller hepatoma nodule (C) and adja- 
cent tissue. Slices cut through the smaller nodule 
revealed, in contrast to the situation in the larger 
nodule, however, that essentially the same specific 
radioactivity was present throughout the nodule, 


4 and the histological sections showed little necrosis, 


even in the center of the nodule. Thus, in these two 
tumor nodules it would appear that the vascular 


_ supply comes from the periphery and is able to 
| penetrate to a depth of 5 mm., but beyond there 
_ the vital activity of the neoplastic tissue becomes 
> imperiled by circulatory inadequacy. 


These in vivo experiments suggest that the neo- 


' plastic hepatic tissue operates under restrictions 
| Imposed by a circulatory impairment. Since the 
4 blood brings oxygen, amino acids, and a carbo- 
: hydrate energy source, all of which are needed, ac- 
) cording to present views, for protein synthesis, it 
: would appear that a small decrease in blood flow 
4 toa tissue might result in a larger percentage de- 


: — in protein synthesis. It is possible, although 
SU 


ll conjectural, that the slice experiments com- 


: pare the capacities of the normal and neoplastic 


tissues to incorporate amino acids and convert 
glucose into protein; whereas the whole animal 
experiments compare these capacities as they ex- 
ist under the restrictions imposed by the circula- 


tion. 
SUMMARY 


These experiments fail to disclose any qualita- 
tive differences in metabolic pathways followed by 
the neoplastic and normal hepatic tissues. They 


CONSECUTIVE SLICES FROM HEPATOMA NODULE 


IN VIVO ALANINE ( 
ONE MINUTE 
Non-protein 
Fraction 
wD 
200 
oO 
a 
“2 
Protein 
Fraction 
O 
600 
. 
= Whole slice 
400 
in 
N 
¢ 200 


3.6 9 i821 24 27 30 
illimeters 


Cuart 11.—Consecutive slices from hepatoma nodule. 
Chart represents counts found in consecutive slices from the 
large hepatoma nodule (A) shown in Chart 10. Rat was given 
0.45 cc. alanine-C' containing 50,000,000 c.p.m. in 50 mg. by 
jugular vein. One minute later the large hepatoma nodule and 
a normal lobe were removed and frozen on CO: snow. A 
cylinder of frozen tissue going from one edge of the nodule to 
the other was cut out of the hepatoma. A No. 8 cork borer was 
used. This gave a diameter of about 1 cm. The “‘whole slice”’ 
counts were obtained by placing a frozen 25 yu slice on a copper 
planchet. The slice was dried at room temperature and 
counted. The pooled 60-slice fractions were homogenized in 
3 cc. of H,O, and the tubes were immersed in boiling water 
for 7 minutes to precipitate the protein. The supernatant ob- 
tained after contrifugation was plated on planchets. This rep- 
resented the nonprotein fraction. The protein was washed the 
usual way and plated on discs for counting. 
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do appear to imply that the synthetic activities 
of the hepatoma slice are adjusted more toward 
construction of molecules such as proteins which 
are immediately concerned with cell growth than 
toward storage of energy-rich material such as gly- 
cogen for future use. The previous inability to cor- 
relate an vitro and in vivo experiments on amino 
acid incorporation into protein has been related 
to a circulatory impairment of the tumor in the 
living animal. 
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Fic. 1.—Photograph of rat liver tissue block containing a 
hepatoma. This is shown, rather than the actual section used 
for the radioautograph, for greater ease in identifying the tu- 
mor nodule. 


Fic. 2.—Radioautograph of rat liver containing a hepa- 
toma. 


Fics. 1 anp 2.—The liver of an etherized rat bearing a 
hepatoma was exposed; 0.5 ce. of a solution of alanine contain- 
ing 40,000,000 ¢.p.m. in 40 mg. was injected into the tail vein. 
One minute later, the liver was removed and immediately 
frozen on CQ». snow. A block of tissue containing a hepatoma 
nodule plus some normal] tissue was used. 
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‘Trends in Cancer Research’* 


E. V. Cowpry 


(Department of Anatomy and Wernse Cancer Research Laboratory, Washington University, St. Louis, Mo.) 


Most presidents of this Association have on 
these occasions considered an aspect of cancer re- 
search in which they themselves have made no- 
table advances. These presentations have all been 
valuable. In many cases announcements of impor- 
tant discoveries have then been made for the first 
time. These have been immediately communicated 
to the public by an alert press to which we extend 
our compliments and our thanks. 

The members of the Association, and their 


: guests, have felt privileged to listen. Yet some of 


them could understand but imperfectly. Progress 


’ in cancer research is made by specialists in many 


lines of endeavor. These specialists are immersed 
in their tasks. They use a language all their own, 


and they have a tendency to credit workers in 
other lines with more knowledge than they actual- 
' ly possess. Consequently these presidential ad- 
' dresses are for some of us just grand and for others 
» on too high a plane—obviously, we can’t all be 
' equally versed in genetics, chemistry, physics, 
' cytology, and clinical medicine, to mention only a 


few of them. No one brain can encompass the can- 


cer field. An Aristotle would be floored. 


I could try to follow suit and speak to you about 


_ the studies on epidermal carcinogenesis carried on 
' by our small group since 1938; but something tells 
» me that most of you would be bored. Instead, I 
' shall try to follow the example of my respected 


_ predecessor, Dr. Aub. You will remember his elo- 


» quent address, “This Business of Cancer Re- 
_ search.” It was a huge success and appealed to all 
| of us. Being constituted as I am, I am unable to 
' supply anything approaching his sparkling hu- 
' nor. | am advised, wisely, that anything of that 
' kind from me would fall flat. 


66 
Trends in Cancer Research” is a safe topic. 


» the only danger is in frankness, and this I do not 
| intend to avoid. My approach has been to induce 
| the members of this Association to speak up for 
> themselves and to bring before you their opinions. 
_ A questionnaire was sent out, with the announce- 
ment of this meeting, by our secretary, Dr. 


* Presidential address delivered at the Forty-second 


: Annual Meeting of the American Association for Cancer Re- 
search, Inc., Cleveland, Ohio, April 28, 1951. 


Hooker, who incidentally contributes more than 
anyone else to our Association. The thanks of all of 
us are due to him. 

To begin with we asked our members to identify 
their line of principal research activity in the can- 
cer field—genetics, biochemistry, chemotherapy, 
pathology, endocrinology, radiology, nutrition, or 
whatever it happens to be. The thought was that 
this would indicate their points of view of the can- 
cer problem. Most of them stated that they were 
active in several fields. 

Then we requested their opinion on specific 
questions. The report of a committee on “Funda- 
mental Cancer Research”’ to the Surgeon General 
in 1938 constitutes a landmark, so this was taken 
as a good point of departure. The questions were: 

1. What are the chief achievements since 1938 in 
your field? 

As is to be expected, the answers covered a wide 
range of activity, and there was little consensus 
of opinion. They included: 


The development of cancer in tissue cultures. 

The introduction of single cell cultures. 

The transplantation of human cancer into other 
species. 

Hormone treatment of prostatic and breast 
cancer. 

The identification of the milk factor as a virus. 

Demonstration of transmissible cytoplasmic 
characters. 

Knowledge of submicroscopic structure revealed 
by electron microscopy. 

Advances in the study of metabolic antagonists. 

Use of radioactive carcinogens. 

Progress in the early diagnosis of human cancer 
by cell smears. 

Demonstration of association between excessive 
cigarette smoking and lung cancer. 

Large scale testing of possible chemotherapeutic 
compounds. 

Proof that dietary factors influence cancer pro- 
duction in animals. 

Elucidation of the function of mitochondria, es- 
pecially in the concentration in them of cer- 
tain enzymes. 
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Demonstration of the effect of specific genes on 
the control of susceptibility to tumor forma- 
tion. 

Demonstration of the association of specific 
genes with antigens controlling the trans- 
plantation of tumors. 

Demonstration of the influence of hereditary 
factors in cancer production in animals. 

The discovery that genetic changes result from 
the action of chemical carcinogens as well as 
from radiation. 

The bringing of the chemotherapeutic agent 
more directly to bear on the cancer in human 
beings by intra-arterial injection. 

Recognition of a qualitative difference between 
malignant and normal tissue. 


From these and other answers one might easily 
get the impression that we have made great strides 
forward since 1938, that the goal is just around the 
corner. But sober thought tempers this complacent 
feeling of satisfaction. There have been advances. 
It can be said that we are coming to grips with the 
cancer problem. We are, however, a long, long way 
from solving it. 

2. What are the present trends? 

Chemotherapy was placed first by a wide mar- 
gin. Also mentioned were: endocrine balance, sub- 
microscopic structure, antimetabolites, viruses, 
host-tumor relationships, and numerous other 
fields of endeavor. Evidently in the past 12 years 
it has not been discovered where the major offen- 
sive against cancer should be staged. If agreement 
could have been reached on the strategy likely to 
achieve success, generous financial support would 
have been forthcoming. 

3. What others seem most worthy of exploration? 

Many of the members naturally thought that 
their own work should be pushed, but some gave 
other lines of investigation including: 


The mechanism of metastasis. 

Blood diagnostic tests. 

Inheritance of cancer in man. 

Clinical experimentation on advanced cases of 
human cancer. 


4. Are any trends in your field being supported 
and over-emphasized at the expense of others appar- 
ently more fruitful? 

Most of the members avoided this question, 
some pleading ignorance, but the following opin- 
ions were recorded: 


Too many programs. The idea is that these pro- 
grams are designed to catch the dollars and 
are in a sense artificial. 

Gross chemical and enzyme compositions of 
normal versus tumor tissue. 


Production of tumors in animals by powerfy| 
synthetic carcinogens. There is little use jp 
merely adding to the already long list unless 
the new carcinogen behaves in an especially 
revealing fashion. These powerful synthetic 
carcinogens are not the ones that cause cap. 
cer in man. 
Heat coagulation of blood serum as a diagnostic 
test. | 
Animal genetics. 


Many of the answers to the questionnaire were 
carefully prepared, and I am grateful for them. 
The task of writing all the letters of thanks has 
thus far been too great for me. 

On the whole, the number of answers was dis- 
appointing. I do not think that this indicates indif. 
ference on the part of our members. None of the 
members of the Association belonging to Washing. 
ton University answered. I mentioned this to a 
friend who said: “Oh, they know that you know 
their opinions anyway; they will be glad to answer 
if you want them to; shall I ask them to?” 

But I do interpret this rather general failure to 
respond as an expression of a widespread feeling of 
futility. Our members have opinions, but most of 
them don’t think that anything is to be gained by 
coming out with their views. The American As- 
sociation for Cancer Research is, after all, the 
largest and most active national organization in 
the world devoted to cancer research. It is, in my 
humble opinion, an unhealthy condition for this 
Association to remain passive while large and 
powerful organizations devoted to financing can- 
cer research decide which investigations are to be 
promoted by financial contributions and which are 
to be starved to death by lack of funds. Self-analy- 
sis and self-criticism can be helpful. However, the 
situation is not as serious as it might seem to be at 
first sight, for these organizations depend to a 
large extent on our members as consultants. The 
opinion of the Association is voiced through them. 
The American Association for Cancer Research 
does not realize its power. | 

Speaking now frankly, as an individual, I have 
certain opinions for which I take the responsibil- 
ity. It seems to me that the report already alluded 
to by Bayne-Jones, Harrison, Little, Northrop, 
and Murphy to the Surgeon General in 1988's 
equally valid today. As I have already admitted, 
the progress made since that time has been dis 
appointing. We still await the discovery of weak- 
ness on the part of cancer cells, or of chinks 
their armor through which they can be attacked. 
Leukemias and cancer that have spread through- 
out the body are as deadly today as they were ™ 
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1938. We can delay the outcome and reduce suf- 
fering to some extent, but beyond that we remain 

werless. Despite many promising experiments, 
chiefly with animals, and promptly publicized, we 
repeatedly are forced to admit that the fates of 
thousands remain sealed. 

But our approaches to the cancer problem 
change. We can recognize the appearance since 
1938 of some definite trends of interest and of em- 
phasis which did not come out in the answers be- 
cause the questions were not adequately phrased. 

The pioneer foundations are to be congratulated 
for their initial leadership. I have in mind the 
Donner Foundation, The Jane Coffin Childs Me- 
morial Fund for Medical Research, The Anna 
Fuller Fund, and several others. When, however, 
powerful impetus was given to cancer research, 
first by the National Cancer Institute, and later by 
the rejuvenated American Cancer Society, it was 
perfectly clear that we were trying to advance on 
too narrow a front. Sciences that could bring to 
bear new technics and points of view on the cancer 
problem were not being explored, and some leaders 
in them—immersed in their own affairs—remained 
unaware of their ability to help. 

It was logical to expand this front by directing 
attention to cancer and by encouraging investiga- 
tors in many lines of research to concentrate on it. 
Some of these workers were surprised and pleased 
to learn how important in the cause of cancer their 
studies were regarded. It was not infrequently ex- 
plained to them that, after all, no change in their 
researches was wanted, because they were already 
obtaining potentially significant data on funda- 
mentals such as enzyme activity, the mechanism 
of cell division, and so on. All that was required of 
them was to accept more money and to work more 
diligently. The expansive trend was not only to 
utilize a wider range of technics and specialists but 
also to activate institutions throughout the United 
States, both strong and weak, willing to co-oper- 
ate—in brief, it was to give opportunities to many. 

This wise policy has paid dividends. Now the 
trend is to decrease the spread of funds far and 
near in order to fertilize cancer research in the sci- 
ences, and to concentrate on projects which appear 
to be most important and feasible, as, for example, 
chemotherapy and the differences between normal 
and malignant cells which may be expected to 
alford clues as to the specific vulnerability of can- 
cer cells. | 

From the beginning, clinicians have been aware 
of their responsibilities. They have not been idle, 
but for years they have been handicapped by lack 
of financial support because principal emphasis has 

fn given to so-called fundamental research on 


animals in which controlled experiments are more 
feasible. Some have complained bitterly to me. 
They agree that this fundamental research must 
not be relaxed. However they enthusiastically wel- 
come the trend to encourage clinical research de- 
signed to secure more prompt diagnosis and to 
utilize without delay all possible means to help 
patients with advanced cancer. This overdue shift 
of emphasis to include clinical research is an im- 
portant sign of the times. 

In addition to this increase in clinical research, 
we note, both in the clinic and the laboratory, an 
inclination to take more seriously the concept of 
the virus etiology of cancer. This trend results 
from several discoveries: first, the proof that more 
and more cancers in animals are caused by viruses; 
second, the clear demonstration that a virus may 
produce tumors in adults and an acute disease not 
apparently neoplastic in the young; and third, the 
visualization of an increasing number of viruses by 
electron microscopy. There is also the fact that the 
milk factor, now identified as a virus, would never 
have been discovered had it not been possible in 
mice to establish highly inbred strains. Viruses in 
human cancer may remain hidden because this 
method of identification is not possible. Hereditary 
factors in human cancer may also remain hidden 
for the same reason. In my opinion the virus the- 
ory, if substantiated as the cause of some cancers, 
will open the way to prevention and treatment. 
But I do not consider it likely that all cancers are 
caused by viruses. 

Still another trend in cancer research is an en- 
couraging increase in international co-operation. 
You will agree that there is no racial or geographic 
monopoly of wisdom. All can, and should, take 
part in this attack on a common adversary. At the 
Cancer Congress in 1947 in St. Louis, the Inter- 
national Cancer Research Commission was born. 
This is a landmark of consequence equal to the Re- 
port of 1938 to the Surgeon General to which I 
have frequently alluded. The Commission is the 
research arm of the International Union Against 
Cancer. At first it was very coldly received in this 
country and enthusiastically abroad. We, here, 
have a special responsibility in its support, be- 
cause two world wars have left us the most 
wealthy of nations. Iam happy to say that opinion 
is definitely veering in the United States toward 
the promotion of international teamwork in cancer 
research to the advantage of humanity every- 
where. Those, who say rather truculently: ““We 
have both the brains and the equipment, why 
waste time and money on outsiders?” are short- 
sighted isolationists. 

Now let us ask ourselves some additional ques- 
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tions in the firm belief that our ways of doing 
things, in many respects excellent, can be im- 
proved. 

1. What do most of us consider the principal hand- 
icap under which we are working? 

The answer will be, I am sure: “Worry about 
how we can carry on from year to year.” There has 
been some improvement, because an increasing 
number of grants are made for more than 1 year. 
Though a guarantee of continuation is often lack- 
ing, when the time comes there is a continuation; 
but until then the insecurity is nerve-racking. I 
speak feelingly, because this has happened to me, 
despite the fact that the National Cancer Institute 
continued to support my work I think longer than 
that of any other individual. Young investigators, 
fired by enthusiasm, devote themselves to a career 
of full time cancer research at their peril. If they 
stay in it a long time, and many years slip by, they 
may wake up to a realization of the fact that they 
are no longer in line for important university ap- 
pointments. 

The trend is unhappily not toward the endow- 
ment of cancer research. When the Rockefeller 
Foundation became convinced that some special 
division of medicine should be developed it did not 
_ follow the results-quick technic of annual grants. 
It provided endowment. Unhappily the interest 
yield on endowment has steadily decreased, yet 
absence of endowment for cancer research is still 
the principal handicap. 

2. Has vt become easier to finance cancer research? 

If by this is meant temporary financing, the an- 
swer will depend upon the time the supplicant has 
been engaged in cancer research. If he is doing sat- 
isfactory work in some science that can conceiv- 
ably contribute significantly to cancer, he has a 
good chance to get a start. The trend to expansion 
of the research front, though reduced, still op- 
erates. If he has been doing good work in cancer 
research for 10 years or more, it is not so easy. It is 
said that his university should support him, that 
others should be given a chance. On the whole, 
those whose task it is to direct cancer research 
laboratories are finding this task increasingly dif- 
ficult. They will concur that this is a trend in the 
wrong direction. 

3. Has the mechanism of obtaining grants for can- 
cer research been simplified and the delay reduced? 

The first answer is that it has become more com- 
plicated. I am sorry that I can’t show you tonight 
_ samples of the application forms used in 1938 and 
in 1951. The first were a few sheets, the latter con- 
stitute small volumes. Stacked up they would 
reach to the ceiling. The first were appraised by a 
small group of experts, the latter by a series of 


panels, or study units, including hundreds of per- 
sons. To begin with, an answer could be secured 
promptly by writing or telephoning to those bes 
able to judge. 

Now, with increasing complexity, the delay js 
frustrating. Moreover, the problem of making 
progress reports has not been simplified. The 
financing organizations ask for complete in eztens 
progress reports and a great many copies. But one 
wise foundation requests a report of one page, or 
at most two pages, and only one copy. You will 
agree that this is a move calculated to ease the 
burden on us, the investigators. It also serves to 
improve the quality of the report. It means that 
the investigators weigh very carefully every word 
and that the job of the recipients of the reports is 
simplified. 

For this reason, I advocate this single sheet 
method of making progress reports and applica- 
tions for funds. Objections will assuredly be raised 
by those who hate simplification and streamlining. 
If forced to, we might meet them half-way and 
urge the use of two forms: (a) a long form to be 
used for the first application by beginners un- 
known to the judges concerning whom detailed 
information is needed and (6) a short, single-page 
form for subsequent applications and reports by 
these beginners and for all applications and reports 
by experienced workers already well known to the 
judges. 

I suggest, in the second place, that financing or- 
ganizations reduce the number of experts in study 
units and panels by about 50 per cent. Over 100 
advisors on any medical problem are too many. 
They get in each other’s way. The present method 
is democratic, for it gives a large number of ex- 
perts, regularly being replaced, whose opinions are 
valuable, a chance to express their views. But the 
said experts are busy people working for the love 
of it in the little time that they can spare. We are 
greatly indebted to them. It is not surprising that 
executive officers hesitate to bother them between 
meetings. 

However, efficiency would be promoted without 
great sacrifice of democratic procedure if a few of 
these outstanding leaders were invited to devote a 
year to the job full time on salary, as was the 
original policy of the National Research Councl. 
Some would accept and these could take the place 
of many. Please understand me. I am not advocat- 
ing abandonment of an excellent system. Numer- 
ous advisors should be retained, working in their 
spare time, strengthened by others serving tem- 
porarily full time. ; 

It would then be possible for the financing 0™ 
ganizations very promptly to advise applicants 
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‘nformally whether their requests for aid are likely 
to receive serious consideration. Time is precious. 
To be obliged to wait for several months expect- 
antly for the verdict when, for some reason un- 
known to the applicant, it is clear to those in au- 
thority that the answer will be unfavorable is a 
disservice to cancer research. The application 
should not be declined, but the applicant should 
be informally advised to look elsewhere. One foun- 
dation, that I know well, operates on this basis to 
the satisfaction of all concerned. 

I realize that I only have a short time longer 
during which I am privileged to speak as your 
President. In stating my views frankly I am talk- 
ing to you as members of the American Associa- 
tion for Cancer Research who must make applica- 
tions for grants. I am also addressing you as mem- 
bers of panels and study units who receive applica- 
tions and make recommendations. It seems to me 
that serving in the latter capacity there are two 
duties: first to recommend the disbursement of 
funds wisely as I know that you do, and second to 
advise the adoption of changes which will make the 
task of yourselves and of your friends as applicants 
and investigators easier. 

All of us probably can think of other means of 
simplification in addition to those already men- 
tioned. Progress reports should not only be abbre- 
viated, they should also be reduced to one per an- 
num. Since it is the custom of organizations re- 
celving applications to require information about 
all applications to other organizations, which they 
freely exchange among themselves, a single annual 
progress report should include all advances made 
by the particular investigator or group each year, 
irrespective of the sources of the financial aid but 
of course mentioning them. At one stroke this 
would give them a complete and integrated ac- 


count of progress. It would also save the hard- 
pressed worker from making individual reports to 
each of them. 

There is still another way in which the energy 
of the cancer investigator can be conserved so that 
it can better be concentrated on his work. It is by 
arrangement between the financing bodies to agree 
on the same fiscal year. At present my books have 
to be kept on years beginning January 1, July 1, 
and September 1. Please advise the elimination of 
this handicap. 

I repeat, this Association does not realize its 
power to help itself and in so doing to advance 
cancer research. 

Having in mind our primary objectives of pre- 
venting and curing cancer, a closer approach to the 
task is indicated. At present, financing organiza- 
tions receive hundreds of applications for financial 
aid, and they consider them long, meticulously, 
and wisely. In a word, they are passive recipients. 
In addition, a more direct method to reach the 
goal is to follow the example afforded by the Of- 
fice of Scientific Research and Development 
(OSRD) in World War II. This office decided what 
was wanted, selected the individuals who could 
help most, and urged them and their institutions 
to join the team. The trend I would like to see is to 
supplement the cultivation of individual initia- 
tive, which means so much to all of us, by promot- 
ing an organized and sustained attack on cancer. 
Some disbursing organizations aiready have direc- 
tives actively to invite people to undertake inves- 
tigations considered important. Perhaps they even 
have carefully matured plans of just how, in their 
judgment, cancer should be attacked. Action is 
urgent. A five-, or a five-and-a-half-day week is 
not sufficient. To lose time unnecessarily is al- 
most criminal; cancer victims go on dying. 
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Studies on Lymphocystis Tumor Cells of Fish 


II. Granular Structures of the Inclusion Substance 
as Stages of the Developmental Cycle 
of the Lymphocystis Virus 


RICHARD WEISSENBERG 


(Department of Anatomy, Woman’s Medical College of Pennsylvania, Philadelphia 29, Pa.) 


The lymphocystis tumors of fish consist of 
round, uninucleate cells of gigantic size which in 
the perch Stizostedion can reach 1,200 uw in diam- 
eter, and in the flounder Pleuronectes almost 2,000 
u. They are not parasitic protozoa as Woodcock 
supposed, who described them in 1904 as Lympho- 
cystis johnstonet Woode. (15), but are actually 
fibroblasts of the fish which have undergone an 
enormous hypertrophy (9, 10, 11). The cytoplasm 
of these “‘lymphocystis cells’’ contains basophilic 
inclusion bodies which can reach very large di- 
mensions but start their development as tiny cor- 
puscles. This observation, together with the fact 
that the lymphocystis disease proved to be very 
infectious, clearly indicated that the disease is pro- 
duced by a virus which is located in the hyper- 
trophying cells. 

Recently specific granules were demonstrated in 
the outer layers of the inclusion bodies (14). The 
granules are stained dark brown when exposed to 
an osmic acid solution for several hours or longer. 
Because these components of the inclusions were 
small elements of rather uniform size, which in- 
crease considerably in number during the growth 
of the lymphocystis cells, it was concluded that 
they probably represented the transmission stage 
of the virus, to be compared with the elementary 
bodies of macroviruses (e.g., the viruses of vac- 
cinia, fowl-pox, psittacosis), which are likewise 
visible under the light microscope. Any suspicion 
that the “‘osmiophilic granules’ might be artifacts, 
produced by osmium precipitations, was dispelled 
by their demonstration as refractive structures in 
areas unstained by the osmium, and further by the 
fact that similar granules were seen in fresh prepa- 
rations when the cytoplasm was made transparent 
by adding drops of dilute acetic acid. 

Because the osmiophilic granules could not be 
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demonstrated in the early period of the develop. 
ment of the inclusion bodies, the possibility was 
suggested that they were formed at intermediate 
stages, as differentiation products of the inclusion 
substance. However, details of such a process were 
not known. It was a problem whether the granules 
appear abruptly or whether certain microstruc. 
tures in the inclusion substance are precursors to 
initiate the process. The present paper attempts to 
answer these questions and thus to contribute to the 
knowledge of the developmental cycle of the lym- 
phocystis virus by a study of finer structures of the 
inclusion substance in stages preceding the ap- 
pearance of the osmiophilic granules, and by a 
detailed investigation of the following stage in 
which osmiophilic granules have just made their 
appearance. 


MATERIALS AND METHODS 


For this morphological study lymphocystis tu- 
mor material was used from three fish species, the 
American perch Stizostedion vitreum and _ two 
European fish from the Baltic Sea: the perch 
Acerina cernua and the flounder Pleuronectes 
flesus. The material consists partly of collected fish 
specimens bearing spontaneous lymphocystis tu- 
mors, and partly of fish with experimental 1- 
fection. Various methods of fixation and staining 
were applied (see legends of figures). The methods 
of staining with osmium have been described in 
detail (14). 

RESULTS 

Figures 1-5 show successive stages of the growth 
of inclusion bodies studied in young Pleuronectes 
lymphocystis cells of 40-200 yu in diameter which 
were obtained by experimental infection. In addr 
tion to the increase in size, the appearance of vacu- 
oles and the formation of large inner spaces call be 
observed. When the superficial layer ruptures, * 
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chown in Figure 2 at the points marked by arrows, 
indentations are formed which may be followed 
later by fenestrations when the inclusion body fur- 
ther expands into the cytoplasm. The basophilic 
‘nclusion substance, in which the vacuoles are im- 
bedded, could not be resolved into finer structures 
in the preparations shown in Figures 1 and 2, 
which are stained with hematoxylin after fixation 
‘nacetified alcohol. In the inclusion (Fig. 3) which 
was fixed in Meves’ fluid, a number of highly re- 
fractive granules can be seen stained intensely with 
safranin. They are loosely scattered among the 
vacuoles. Their number is variable, and in many 
inclusions they are not present at all. In several 
inclusion bodies of the same material, concrements 
with a diameter of up to 1.5 uw were observed which 
likewise stain with safranin and have a high index 
of refraction. Under these circumstances, it seems 
to be quite possible that these granules have only 
the significance of small concrements. 

The Sjévall method, by which in more advanced 
stages the osmiophilic granules can be demon- 
strated, makes the inclusion substance often ap- 
pear as a rather homogeneous mass lightly stained 
by the osmium (Fig. 4). However, a continued 
study of such Sjévall preparations has shown that, 
in addition to the “‘clear type”’ of inclusion bodies, 
another type also occurs in which the inclusion 
substance shows a brown color as the result of the 
osmium staining. In thin layers of such “brown 
inclusions” a mosaic of dull brown granules could 
be discerned by use of oil immersion lenses of high 
aperture, as shown in (a), (b), (c), and (d) of Figure 
5. The granules are imbedded in a lightly stained, 
delicate intergranular substance. These granular 
components of the inclusion substance are, in com- 
parison with the osmiophilic granules, character- 
wed by a less intensive staining reaction with 
osmic acid and a lower index of refraction. 

Tumors of flounders caught inthe fall showed 
the lymphocystis cells in the next period of their 
growth in which they reach 220-270 u in diameter. 
In the tumors of one freshly fixed specimen a num- 
ber of degenerated lymphocystis cells was seen. 
Furthermore, in many cells the inclusions could be 
noted in a peculiar process of swelling which gave 
them the appearance of fluffy bodies. Early stages 
of the swelling are seen in Figure 6, advanced 
‘ages in Figure 9. With such simple methods as 
ixation in aleohol and staining with hematoxylin, 
’ granular composition of the inclusion substance 
could distinetly be seen in the fluffy bodies, even 
with an ordinary oil immersion lens in combination 
with a low power ocular. The inclusion body (a) of 
FP igure 6 is shown in Figure 8 in high magnifica- 
tion. Between vacuoles a large number of intensely 


stained granules is seen, often arranged in tetrads 
(for instance, at the arrow) or dyads and short 
chains. In the group of very small inclusion bodies 
marked (6) in Figure 6, which is shown in Figure 7 
in high magnification, again such a pattern of in- 
tensely stained granules can be seen imbedded in 
a delicate intergranular substance. The inclusion 
body (6!) shows one tetrad in the central area. In 
(b?) several tetrads and dyads are seen. Some of the 
granules appear somewhat elongated, as short 
rods. In advanced stages of the swelling, as shown 
in Figure 9 at (f), the granules appear in high mag- 
nification (Fig. 10) as more lightly stained struc- 
tures. Again tetrads and dyads with granules in a 
tandem position are frequently observed. In an 
interpretation and evaluation of patterns of gran- 
ules there is, of course, always some danger of 
overemphasizing a topographic relation of gran- 
ules which may only by chance lie close together. 
The arrangement of the granules can be noted in 
the characteristic groups of tetrads so often, how- 
ever, that one cannot consider such arrangements 
as merely incidental. Thus, the presented evidence 
indicates that the granules are units which multi- 
ply by fission. 

Secondary application of osmic acid solution to 
the alcohol-fixed material of the swollen inclusion 
bodies resulted in an osmium staining of the gran- 
ules which, in its rather low intensity, contrasted 
to the characteristic staining reaction of osmiophil- 
ic granules. Furthermore, the granules in such os- 
mium preparations appeared as dull structures, 
whereas osmiophilic granules show a high index of 
refraction. Therefore, it seems very probable that 
the granules demonstrated in the swollen inclu- 
sions correspond to the granules observed in the 
brown inclusion bodies of the Sjévall preparations. 
Such findings in young Pleuronectes cells lead to 
the interpretation that the inclusion substance has 
a granular microstructure even in the early stages 
of development before the osmiophilic granules 
appear. The difficulty of demonstrating the “‘gran- 
ules of the inclusion substance” in the ordinary 
preparations of young Pleuronectes lymphocystis 
cells may be chiefly caused by their dense arrange- 
ment. Under favorable fixation and staining con- 
ditions, resulting in the brown type of the inclu- 
sions in Sjévall preparations, the granules become 
discernible if inspected with an oil immersion lens 
of high aperture. In swollen inclusions they are 
distinctly visible and can easily be demonstrated 
by simple methods of fixation and staining and 
with ordinary oil immersion lenses. 

The next step was to find out whether such gran- 
ules of the inclusion substance were still recog- 
nizable during the period of appearance of the 
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“osmiophilic granules.” For this task formalin- 
fixed material of Pleuronectes tumors showing a 
small number of osmiophilic granules in the sur- 
face layer of the inclusion bodies proved unsatis- 
factory. Only the rather homogeneous “clear 
type”’ of the inclusion substance was observed in 
the esmium preparations, as was shown in Figure 
5 of the preceding paper (14). The stage of pro- 
gressive appearance of the osmiophilic granules 
is in our collection much better represented by 
preparations from lymphocystis-diseased perches 
belonging to the European species Acerina cernua 
and the American species Stizostedion witreum. 
An experimentally infected young specimen of 
Stizostedion, which was kept in a laboratory 
aquarium for 15 weeks, proved especially valuable, 
since innumerable tumors developed. This materi- 
al was freshly fixed by various methods, as the fish 
showed signs of weakness on the 105th day of the 
infection experiment. From this specimen some 
Sjévall preparations of relatively small cells were 
illustrated in Figures 6 and 7 of the preceding pa- 
per (14). These pictures did not show granules in 
the core of the inclusion network. The photomicro- 
graph of a lymphocystis cell in Figure 6 (14) repre- 
sents a typical picture of the clear type of the in- 
clusion substance. A revised and continued study 
of the series of Sjévall preparations has, however, 
led to similar findings, as described in the osmium 
preparations of young Pleuronectes cells. In addi- 
tion to the clear type of inclusions the brown type 
has again been frequently observed, showing quite 
distinctly, under favorable optic conditions, a 
granular composition of the inclusion substance. 

A section through a lymphocystis cell 200 uw in 
length, in which the inclusion network is of the 
brown type, can be noted (Fig. 11). The bars of the 
network have extended in the upper half of the 
cell body. The small inclusion area (a) is shown in 
high magnification in Figure 12. The two types of 
granules are here seen very clearly side by side. 
The number of osmiophilic granules is still rela- 
tively small. They are predominant in the right 
half of the picture, because here a more superficial 
plane is in focus. Granules of the inclusion sub- 
stance, characterized by the lighter osmium stain- 
ing and a lower index of refraction, are chiefly seen 
on the left side where a level close to the surface 
layer is in focus. Among the pale granules (2), 
~ some dark osmiophilic granules are scattered. It is 
obvious that the two types of granules are of the 
same size and that they also resemble one another 
in their arrangement. They appear rather fre- 
quently as dyads and often as tetrads, or arranged 
in short chains. Sometimes such a chain consists 
partly of granules of the inclusion substance and 


partly of osmiophilic granules. Some granules m, 
be found which appear to be intermediate betwee, 
the two types. The evidence of such Sjévall prepa. 
rations strongly suggests that the Osmiophilic 
granules originate as peripherally located granules 
of the inclusion substance which, by a process of 
transformation, develop a higher index of refrac. 
tion and a stronger staining reaction with osmic 
acid. Concerning other structures in Figure 19 jt 
may be pointed out that on the right side, betwee, 
the groups of osmiophilic granules, a pale brow) 
homogeneous lattice of inclusion substance can he 
seen which at (f) is replaced by clear capsules of y 
high index of refraction. 

Figure 13 shows in a cell from the same tumor 
more advanced stage of the development of the ip- 
clusion network which here has grown through a 
larger portion of the cytoplasm. The bar (b) of the 
brown inclusion network is, in Figure 14, demon. 
strated in high magnification. Whereas at this 
stage in the periphery a continuous layer of os. 
miophilic granules (0) has developed, the core of 
the bar shows a mosaic of the more lightly stained 
granules of the inclusion substance (7) which are 
inbedded into a delicate intergranular mass. In 
some of the bars, especially in the cortical zone of 
the cell, the granulated core is replaced by a homo- 
geneous layer of brown inclusion substance or by 
a strongly refractive unstained framework. 

Concerning the occurrence of the clear type and 
the brown type inclusion substance in the Sjévall 
preparations of the tumors of this Stizostedion 
specimen, it can be stated that the clear type 1s 
seen chiefly in cortical cells, especially at spots 
where the covering epithelium is missing, so that 
here the fixative could exert its quickest and 
strongest action. In some larger cells the upper 
half of the cell body near such a surface showed 
clear inclusions, whereas the inclusion bodies in the 
opposite half of the cell were all of the brown type. 
Such observations suggest that the clear type of 
the inclusion bodies in Sjévall preparations is the 
result of a fixation phenomenon that reminds one 
somewhat of the so-called ‘Uberfixation” (Ra- 
witz), which is known to occur frequently in the 
cortical layer of pieces of organs fixed with Flem- 
ming’s fluid (cf. 5, Vol. I, p. 477; Vol. II, p. 343). 

In the course of the further growth of the lym- 
phocystis cells of perches, which is accompanied by 
the rapid extension of their inclusion network, 4 
continuous increase in number of the osmiophilic 
granules is evident. The demonstration of areas 0 
granulated brown inclusion substance in more ad- 
vanced stages is of interest in determining how 
this increase occurs. In the Sjovall preparations of 
the Stizostedion specimen, such areas were st 
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observed in cells of 350 pu in diameter. Correspond- 
ing results were obtained by the study of osmium 
preparations of Acerina lymphocystis cells. Here 
such areas have been observed in cells up to 400 u 
-, diameter. For Acerina this is a rather advanced 
stage of growth; in this species the tumor cells 
reach a maximal diameter of only about 700 yp, in 
contrast to those of Stizostedion which may grow 
to 1,200 ». Concerning advanced stages of Pleu- 
ronectes cells, areas of granulated brown inclusion 
substance have been observed in osmium prepa- 
rations of a tumor containing cells of about 900 u 
in diameter. 

These findings support the view that such areas 
may continue, during the growth period of the 


' lymphocystis cells, to serve as germinative layers 
- forthe differentiation of osmiophilic granules, pro- 
a vided that in these zones divisions of stem granules 
' balance their numerical reduction brought about 
' by the process of transformation. In this connec- 
- tion, observations in Acerina are of interest in 
' showing that sometimes even an excessive increase 
' inthe mass of granulated inclusion substance oc- 
- curs in medium-sized cells which leads to swelling 
and finally to the bursting of inclusion bodies. In 
' tumors of an Acerina specimen containing lympho- 
' cystis cells up to 320 uw in diameter, it was noted 


that portions of the inclusion network were sub- 
divided into groups of rather small inclusion bodies 


_ which showed various stages of expansion. This is 
_ demonstrated (Fig. 15) in a preparation fixed with 
_ Meves’ fluid and stained with crystal violet after 
' Benda. In the inclusion bodies a basophilic frame- 
_ work of lamellae is reinforced by intensely stained 
' filaments. The lamellae surround a more lightly 
_ stained basophilic mass, for which the noncommit- 
tal expression “ground substance”? may be used. 
_ This mass shows a tendency to expand. The small 
: inclusion bodies (a) still show the original condi- 
| tion. At (b) expanding inclusion bodies are seen; 
| their lamellae have become ruptured. At (c) the 
‘teinforcing filaments are pushed apart and then 
4 break (d). Thus, the inclusion bodies finally burst, 
: and the ground substance (e) pours into the cyto- 
| plasm, mixed with fragments of the broken-down 
| filaments (f). As a matter of special interest, it can 


be seen rather distinctly that the escaping ground 


: substance is composed of fine basophilic granules. 


The study of osmium preparations from the 


same tumor gave the opportunity to analyze the 
| hature of these 


granules. The Sjévall preparation 


(Fig. 16) shows that the expanding and finally es- 


caping ground substance chiefly consists of lightly 
! ‘tamed granules of the inclusion substance. Os- 
mophilic granules are seen only in the periphery. 


On the right side they still mark the original con- 


tour of the inclusion body, which in this section 
has a triangular shape. On the left side the inclu- 
sion body has burst, so that here the mass of the 
granulated inclusion substance has escaped into 
the cytoplasm. The unstained capsules (f) around 
groups of osmiophilic granules are remnants of the 
lamellae. Such an expansion and bursting of in- 
clusion bodies with liberation of granules of the in- 
clusion substance has likewise been observed in 
Stizostedion cells of 450-500 

On the basis of the data obtained for Acerina on 
the basophilic staining of the granules of the in- 
clusion substance, it appears probable that mo- 
saics of basophilic granules observed in some in- 
clusion lamellae of the experimentally infected 
young Stizostedion specimen on the 77th and 99th 
day of the experiment contain granules of the in- 
clusion substance but no osmiophilic granules at 
this stage (Fig. 17). 


DISCUSSION 


Mosaics of granules have been described in the 
intracytoplasmic inclusion bodies of a number of 
viruses, e.g., In psittacosis (1-4), fowl-pox (6), and 
in the advanced stages of the inclusions of lympho- 
granuloma venereum (8). Such granules have been 
interpreted either as elementary bodies of the vi- 
ruses or as preceding virus stages which multiply 
by fission and finally divide into elementary bodies. 
It is in conformity with these interpretations of the 
nature of granular structures observed in cyto- 
plasmic inclusions in other virus diseases that the 
granules of the inclusion substance in the lympho- 
cystis cells are interpreted as developmental 
stages of the lymphocystis virus. The type of their 
arrangement, especially their appearance as tet- 
rads or short chains, suggests that the increase in 
their number is brought about by division of the 
granules. Apparently, they represent vegetative 
stages of the virus which participate essentially in 
the growth of the inclusion bodies and thus in- 
crease the virus mass within the host cell. Later, 
many of the granules of the inclusion substance 
are transformed into osmiophilic granules. 

The bursting of expanded inclusion bodies with 
the escape of granules of the inclusion substance 
into the cytoplasm has been demonstrated in Fig- 
ures 15 and 16 in Acerina cells. Such findings re- 
semble the disintegration of enlarged inclusions 
with dissemination of elementary bodies which has 
been described for several macroviruses, especially 
when cultivated in chick embryos (4, 8). In such 
cases, virus elements liberated after the break- 
down of the host cell are supposed to be the source 
of the infection of adjacent cells. Certain aspects 
of the lymphocystis disease may be explained on a 
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similar basis. In the immediate neighborhood of 
medium-sized lymphocystis cells newly developed 
small lymphocystis cells are often found (11, 13). 
Sometimes a young lymphocystis cell has even 
been observed within the membrane of a degener- 
ated larger lymphocystis cell (7). In an attempt to 
interpret such findings, the possibility has to be 
considered that a new infection by virus units from 
an outside source may have established itself at the 
same location as the previous one (11). However, 
the alternate interpretation, first given by Joseph 
(7), that infectious agents may have invaded ad- 
jacent cells or phagocytes after their development 
in the larger cells, now gains credence because of 
the observations in lymphocystis cells of perches 
showing escape of granules of the inclusion sub- 
stance into the cytoplasm. There are two possibili- 
ties by which the infected cytoplasm of lympho- 
cystis cells might come into direct contact with 
other cells: (a) when the cytoplasm protrudes 
through the damaged cell membrane; or (b) when 
phagocytes invade a degenerating lymphocystis 
cell. Both phenomena are frequently observed in 
lymphocystis tumors. 

In contrast to the possible role which granules 
of the inclusion substance may play in the infec- 
tion of adjacent cells, the osmiophilic granules ap- 
parently represent the stages of the virus which 
serve to transmit the infection from host to host. 
Tumors containing either full-grown cells or al- 
most full-grown cells have proved to be very in- 
fectious as suspensions of ground cells. In such 
material, granules of the inclusion substance, if 
still persisting, would be present in small amounts, 
whereas the osmiophilic granules would have ac- 
cumulated as large masses. 

It is doubtful whether the osmiophilic granules 
are capable of increasing their number by division 
after they have developed by transformation of 
granules of the inclusion substance. An arrange- 
ment of them in dyads, tetrads, or short chains, 
which has been frequently observed (14), could 
represent the persisting arrangement of the gran- 
ules from which they have developed by transfor- 
mation and which in their turn originated as di- 
vision products from stem granules. 

Hitherto it has not been proved that the infec- 
tion can be transmitted by an inoculation of the 
contents of large lymphocystis cells into tissues. 
An effective method developed by the author for 
experimental infection consists of forcing a suspen- 
sion of ground large tumor cells into the lumen of 
the pharynx by a syringe, either through the 
mouth or through the opercular clefts (12, 13). 
This method imitates the presumed natural condi- 
tions of the infection. Evidently virus particles be- 


come liberated when large lymphocystis cells djs. 
integrate in the water after tumor pieces hay, 
been shed or after the death of the fish. Probab}, 
such particles may float for some time and per. 
haps pass through other organisms, until finally 
some of them are sucked into the pharynx of a fish 
of the host species via respired water, or possibly 
are swallowed with food. The storage of masses ¢} 
osmiophilic granules in large numbers in full-grown 
lymphocystis cells suggests that these granules are 
the form in which the infection is transmitted fro 
host to host. 

The study of the finer structures of the inclusioy 
bodies in the lymphocystis cells has thus led to the 
conclusion that in the developmental cycle of the 
lymphocystis virus two types of granules of ele. 
mentary size can be distinguished: (a) the gran- 
ules of the inclusion substance which represent 
vegetative stages of the virus and (b) the osmio- 
philic granules interpreted as virus particles which 
transmit the infection. For other viruses it has not 
been shown that elementary bodies, formed as 
products of the multiplication of the virus within 
the inclusion bodies, must undergo a change to be- 
come transmission stages of the virus. For two rea- 
sons one might expect that the developmental 
cycle of the lymphocystis virus would show some 
peculiarities. First, in the lymphocystis cells, 
which hypertrophy to gigantic dimensions, the 
vegetative phases of the virus, as components of 
the inclusion bodies, reach a higher level in growth 
and differentiation than in other viruses. Secondly, 
with regard to the transmission of the infection 
from host to host, the lymphocystis virus repre- 
sents the rare case of a water-borne virus adapted 
to parasitism in aquatic animals. 

The relation of the granules of the inclusion 
substance to the formation of the framework of 
the inclusion bodies, which apparently must be 
considered as an additional vegetative phase of the 
virus, will be discussed in another paper. 


SUMMARY 


The formation of the osmiophilic granules, pre- 
viously interpreted as elementary bodies of the 
lymphocystis virus (14), in the outer layer of the 
inclusion bodies of lymphocystis tumor cells is not 
an abrupt process. In stages preceding the ap- 
pearance of the osmiophilic granules, a granular 
composition of the basophilic inclusion substance 
can be demonstrated in thin layers of typical in- 
clusion bodies by the Sjévall osmium method as 
well as in swollen inclusions with ordinary methods 
of fixation and staining. In the osmium prepar 
tions the “granules of the inclusion substance 
show a slighter staining reaction with osmic ac 
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Fic. 1.—Section through a lymphocystis cell of about 40 u 
in diameter from an experimentally infected Pleuronectes 
specimen on the 30th day of the experiment. Fixation with 
acetified alcohol (absolute alcohol, 9.5 parts; glacial acetic 
acid, 0.5 parts). Staining with hematoxylin. 1125. (a), (6), 
(c), (d), (e) five stages of the growth of the intracytoplasmic 
inclusion bodies; (m) cell membrane; (nv) nucleus. 


Figures 2-5 show inclusion bodies from lymphocystis cells 
of 100-200 » in diameter of the same fish as in Fig. 1, fixed 
however on the 68th day of the experiment. 1125. 


Fic. 2.—Fixation with acetified alcohol. Staining with 
hematoxylin. The arrows mark spots where the cortical layer 
of the inclusions has ruptured. 


Fic. 3.—Fixation with fluid of Meves (mixture of 2 per 
cent aqueous osmic acid, 4 parts; 1 per cent aqueous chromic 
acid, 15 parts; glacial acetic acid, 3 drops). Staining with 
safranin and Cajal’s mixture of indigo carmine and picric acid. 


Fic. 4.—Sjévall’s method: fixation with mixture of forma- 
lin (1 part) and distilled water (3 parts), staining with 2 per 
cent aqueous osmic acid for 3 days at 37° C. Inclusion body of 
the clear type. 


Fic. 5.—Sjévall’s method. Inclusion body of the brown 
type which at the areas (a), (b), (c), (d) and partly in the 
bar (e) shows granules of the inclusion substance. 


Figures 6-10 from a specimen of Pleuronectes caught in 
September with lymphocystis tumors in which the cells have 
reached 220-270 » in diameter and often show swollen in- 
clusion bodies. Fixation with acetified alcohol. Staining with 
hematoxylin. 


Fic. 6.—Section through a lymphocystis cell containing 
inclusion bodies at an early stage of swelling. (a) inclusion 
body of medium size; (b) group of small inclusion bodies; 
(rn) nucleus; nucleolus. 240. 


Fic. 7.—Four of the small inclusion bodies of group (6) of 
Fig. 6, magnified 1750. (6!) and (6?) inclusions in which a 
number of the granules of the inclusion substance are ar- 
ranged as tetrads. 


Fic. 8.—The inclusion body (a) of Figure 6, magnified 
1750. The arrow points to a tetrad of granules of the in- 
clusion substance. 


Fic. 9.—Section through a lymphocystis cel] with inclu- 
sions showing an advanced stage of swelling. (f) inclusions 
swollen into large fluffy bodies; (n) nucleus. « 240. 


Fic. 10.—Small portion of a swollen inclusion body magni. 
fied 1125. 


Figures 11-14 from an experimentally infected young speci- 
men of Stizostedion on the 105th day of the experiment. 
Sjévall’s method. 


Fic. 11.—Section through a lymphocystis cell (long diame- 
ter, 200 4) in which the inclusion network has extended 
through one-half of the cell only. (a) piece of an inclusion bar: 
(n) nucleus; nucleolus. 240. 


Fic. 12.—Piece (a) of the inclusion network of Figure 11, 
magnified 1750. (f) framework capsules; (7) granules of the 
inclusion substance; (0) osmiophilic granules. 


Fic. 13.—Section through a lymphocystis cell (long diame- 
ter 250 w) in which the inclusion network has extended through 
a large portion of the cell body around the nucleus. (6) piece of 
the inclusion network. 240. 


Fic. 14.—Piece (6) of the inclusion network of Fig. 13, 
magnified 1750. (7) granules of the inclusion substance: 
(0) osmiophilic granules. 


Figures 15 and 16 show bursting inclusion bodies from an 
Acerina specimen in which the lymphocystis cells have reached 
diameters of 260-320 yu. 


Fic. 15.—Fixation with Meves’ fluid. Staining with crystal 
violet (Benda’s method for the staining of mitochondria). 
675. (a), (b), (c), (d) successive stages of expansion and 
bursting of the inclusion bodies; (e) mass of granules of the 
inclusion substance escaping into the cytoplasm; (f) frag- 
ment of a framework filament; (p) cytoplasm. 


Fic. 16.—Sjévall’s method. 1125. (f) framework cap- 
sules; (7) granules of the inclusion substance; (0) osmio- 
philic granules; (p) cytoplasm. 


Fic. 17.—Lamella of an inclusion body from a Stizostedion 
lymphocystis cell on the 99th day of the infection experiment. 
Fixation with Flemming’s fluid (mixture of 2 per cent aqueous 
osmic acid, 4 parts; 1 per cent aqueous chromic acid, 15 parts, 
glacial acetic acid, 1 part). Staining as in Figure 3. X112o. 
The lamella shows a network of framework filaments covered 
by granules interpreted as granules of the inclusion substance. 
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and a lower index of refraction than the osmio- 
philic granules. Evidence is presented suggesting 
that the granules of the inclusion substance multi- 
ply by fission and eventually form the osmiophilic 
granules. Thus, in the developmental cycle of the 
lymphocystis virus two types of particles of ele- 
mentary size can be distinguished showing differ- 
ent features in osmium preparations: (a) the gran- 
ules of the inclusion substance, interpreted as vege- 
tative stages which serve for the growth of the 
virus within the host cells, and (6) the osmiophilic 
granules which are considered to be the virus par- 
tices which transmit the infection from host to 
host. Accumulated in large numbers in advanced 
lymphocystis cells, they are liberated when the 
tumor cells disintegrate in the water after ex- 
trusion or after the death of the fish. 
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The Metabolism of Thyroxine in C57 Mice and in 
C3H Mice with and without Mammary Tumors* 


J. Grossf AND S. ScHwartz 


(Department of Anatomy, McGill University, Montreal, Canada) 


There have been varied reports in the literature 
which indicate that the thyroid hormone may play 
a role in tumor development. However, it has been 
recently shown that spontaneous mammary tu- 
mor development in C3H mice may be inhibited 
by the administration of anti-thyroid drugs (2, 12, 
17). With the availability of “tracer” amounts of 
I31_labeled thyroxine (5), it seemed of interest to 
determine and compare the metabolism of this 
hormone in female C3H and C57 mice, which 
show a high and a low incidence, respectively, of 
mammary carcinoma. 


about 0.02 ug. of thyroxine with a radioactivity 
content of 0.2 ue. of [1. 

Three separate experiments were carried out, as 
follows. In the first experiment, three groups of 
enimals were used, consisting of eight female (37 
mice, eight C3H mice without tumors, and eight 
C3H tumor-bearing mice, respectively. The first 
two groups were approximately 6 months old and 
weighed 22 + 2 gm. None of the C3H animals of 
the second group showed any grossly visible tumor 
nodules at autopsy. The age of the tumor-bearing 
animals averaged about 9 months, and they had 


TABLE 1 


THE DISTRIBUTION OF LABELED L-THYROXINE AS PERCENTAGE OF THE RECOVERED DOSE OF 
RADIOACTIVITY PRESENT IN THE ORGANS AND EXCRETA OF C57 AND C3H MICE 


C57 C3H C3H tTumMor-BEARING 

2 Hours after 24 Hours after 2 Hours after 24 Hours after 2 Hours after 24 Hours after 

injection injection injection injection injection injection 

Meant s.e. Mean+s.e. Mean+s.e. Mean+s.e. Mean+s.e. Meants.e. 

Plasma 13 .94+0.99 2.34+0.49 12.01+0.77 3.4440 .34 10.66 +0.90 3.51 +0.56 
Liver 21.20+0.89 4.88+0.24 26 .76+0.67 10.50+0.86 28.90 +1.02 9.14 +0.37 
Intestinai tract 15.11+1.07 3.99+0.51 13.01+0.61 5.80+0.78 9.26 +1.52 6.54 +0.40 
Kidney 2.75+0.18 0.73 +0 .073 3.66+0.12 1.24+0.17 2.97 +0.12 1.01 +0.054 
Skin 9.84+0.62 4.47+0.51 12.48+0.50 7.51+0.97 10.50 +0.51 7.75 +0.78 
Carcass 32 .644+1.05 8.60+0.58 30.73 40.51 14.26+1.80 25.46*+1.45 13.79*+1.2% 
Feces 0.138+0.047 43.1 +2.0 0.04+0.014 34.8 +5.3 0.04 +0.14 41.1 +1.6 
Urine 4.11+0.47 31.0 +1.0 0.47+0.053 20.7 +2.8 1.05 +0.48 17.0 +23 


* Including percentage of radioactivity in the tumor. 


The results obtained seemed to indicate that the 
thyroid hormone may be a contributing influence 
in the development of mammary carcinoma. Fur- 
thermore, evidence was obtained that the metabo- 
lism of thyroxine in mammary tumor tissue may 
be different from that in the normal tissues ex- 
amined. 


METHODS 


Radiothyroxine was prepared from the plasma 
of NalI!*!-treated rats as previously described (5). 
The amounts injected were estimated to contain 


* This work was supported by a grant from the National 
Cancer Institute of Canada to Dr. C. P. Leblond. 


+ Present address: The National Institute for Medical Re- 
search, Mill Hill, London, N.W. 7, England. 


Received for publication November 18, 1950. 


tumors which varied in size from 80 to 5,700 mg. 
(average 2,500 mg.). The eight animals in each 
group were divided into two sub-groups of four 
animals, which were sacrificed at 2 and 24 hours 
after the intravenous injection of the radio- 
thyroxine. The animals were exsanguinated under 
ether anesthesia, and the organs were rapidly re- 
moved and weighed. The remainder of the animl 
was weighed and labeled as carcass. Any large at: 
cumulations of old blood or necrotic material wer 
removed from the tumor and added to the carcass 
sample. The radioactivity measurement of the or 
gans and excreta (and in some cases butanol frac- 
tionation into thyroxine-like and nonthyroxité 
iodine) was carried out as previously describe 
(5), and thyroxine was detected by paper chroma 


tography (7). 
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The volume of solution injected was small (0.1 
ml.) andsubject to error inmeasurement. However, 
since the radioactivity of the entire animal was 
measured, the data were calculated on the basis 
of the recovered dose (‘Table 1, Chart 1). The aver- 
age recovery was 95 per cent of the prepared 
standard, which itself was subject to a similar 
measurement error. 

The second experiment was carried out on three 
tumor-bearing C3H mice, which were injected 
subcutaneously with labeled thyroxine. Four hours 
after injection the animals were anesthetized with 
ether, and a tumor biopsy was taken. Twenty 
hours later the mice were sacrificed, the remaining 
tumor tissue and some organs being examined for 
radioactivity content (Table 2). 


TABLE 2 


THE CONCENTRATION OF RADIOACTIVITY IN MAMMARY 
TUMOR TISSUE AT 4 HOURS, AND MAMMARY TUMOR 
AND OTHER TISSUES AT 24 HOURS AFTER THE SUB- 
CUTANEOUS ADMINISTRATION OF 0.02 uG. OF LABELED 
L-THYROXINE INTO C3H MICE 


Counts/100 sEcs/MG TISSUE 


Counts/100 sEcs/MG BODY WEIGHT 


Animal A Animal B Animal C 
Tumor biopsy at 4 hrs. 0.52 0.42 0.43 
Tumor at 24 hr. 0.56 0.54 0.58 
Liver 1.31 1.17 1.15 
Plasma 1.26 1.28 1.00 
Kidney 0.70 0.57 0.69 
Mammary gland 0.48 0.40 0.42 
Carcass 0.41 0.46 0.35 


As a sequel to the above experiment, six groups, 
each containing five tumor-bearing C3H females, 
were injected subcutaneously with labeled thyrox- 
ine and sacrificed after intervals of 1, 2, 6, 12, 24, 
and 72 hours, respectively. The total and, in some 
cases, the butanol-soluble radioactivity were de- 
termined in the tumors, mammary glands, livers, 
plasmas, ovaries, carcasses, and excreta (Chart 2, 
3, Table 3). 

RESULTS 


The over-all distribution of radioactivity is 
shown in Table 1. In all groups, 2 hours after the 
injection, most of the radioactive thyroxine had 
been removed from the plasma and could be found 
mainly in the liver, gastrointestinal tract, carcass, 
and skin. By 24 hours, most of the injected mate- 
nal had left the body and was present in the feces 
and to a lesser extent in the urine. However, the 
tate of excretion was more rapid in the C57 ani- 
mals (74 per cent of administered radioactivity in 
*4 hours), as compared to that occurring in either 
of the C3H groups (i.e., 55 per cent and 58 per 
cent). The increase was due to a greater urinary 
*xcretion of radioactivity by the C57 animals, 


there being no significant difference in the 24-hour 
fecal radioactivities between the three groups. As 
well, the proportion of the fecal iodine identifiable 
as thyroxine (7) was roughly the same (about 50 
per cent) in all groups. 

The lower rate of thyroxine elimination in the 
C3H strain was paralleled by a less rapid decline in 
the radioactivity of the individual organs and tis- 
sues (Table 1, Chart 1). By subjecting the data in 
Chart 1 to analysis of variance, it could be shown 
that the decrease of I'*! concentration between 2 
and 24 hours in the plasma, liver, intestinal tract, 
ovary, and carcass of the nontumor-bearing C3H 
mice was significantly slower than in the corre- 
sponding organs of the C57 mice. In addition, at 2 
hours after injection, the concentration of I!*! in 
the livers of the C3H animals was significantly 
greater, and the intestinal [!*! significantly smaller, 
than in the corresponding organs of the C57 ani- 
mals. 
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Cuart 1.—The distribution of the I'*! concentration in 
various organs and tissues after the intravenous injection of 
0.02 ug. of labeled t-thyroxine. Each column represents the 
average of the values from four animals. The stippled columns 
represent the values at 2 hours, the dotted columns at 24 
hours after injection. 
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Analysis of variance of the data at 2 and 24 
hours showed no significant difference between the 
two groups of C3H mice in the decrease of organ 
radioactivity (Table 1, Chart 1). 

In the tumor (Chart 1), the concentration of 
radioactivity was quite low relative to that of the 
other tissues examined. However, it may be noted 
that the relative decrease between the 2- and 24- 
hour concentrations appeared to be considerably 
less than in the noncancerous tissue. To investi- 
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Cuart 2.—The variation of I'*! concentration with time in 
the organs of C3H tumor-bearing mice, following the subcu- 
taneous administration of 0.02 ug. of radiothyroxine. Each 
point represents the average of the values from 5 animals. Con- 
centration is expressed in the same units as in Chart 1. 


gate this point, the second and third experiments 
were carried out and gave the following results. 

When the concentration of labeled material 
present in the tumor was determined at 4 and 24 
hours after the subcutaneous injection of radio- 
active thyroxine (Table 2), in all the animals there 
was a greater concentration at the latter time. 
Furthermore, at the time of sacrifice the tumor 
I'31 concentration exceeded that of normal mam- 
mary tissue and of the carcass but was less than 
the concentration found in the plasma, liver, or 
kidney. 


These points were confirmed and amplified jy 
the subsequent experiment (Chart 2), from which 
it may be seen that after a subcutaneous Injection 
of a tracer dose of radiothyroxine a peak concen. 
tration of I*! occurs at 6 hours in the liver, plas. 
ma, mammary gland, and ovary; and at 12 hour 
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Cuart 3.—The distribution of I'*! as percentage of the ad- 
ministered radioactivity in C3H tumor-bearing mice at various 
times after the subcutaneous administration of 0.02 ug. of radio- 
thyroxine. Each point represents the average of the values 
from five animals. 


TABLE 3 


THE PERCENTAGE OF BUTANOL-SOLUBLE RA- 
DIOACTIVITY IN SEVERAL TISSUES AFTER 
THE SUBCUTANEOUS ADMINISTRATION OF 
0.02 wG. OF LABELED L-THYROXINE 


Hours after injection 


1 Q 6 12 
Plasma 77 93 94* 94* 
(88-98) (39-95) (91-96) 
Tumor 78 72 75* 69* 
(56-87) (65-74) 
Mammary 64 65 67 
gland 


* The range of values is indicated in parentheses below the 
average. In these cases, individual samples from the five ant- 
mals were fractionated and the mean calculated. ——— 

e other values represent the results of the fractionation 
of the pooled samples of the five animals in the group as, 1m 
these cases, the low radioactivity of the individual tissues pre- 
vented individual determinations. At 24 and 72 hours the 
radioactivity of the pooled sample was too low for fractionation. 


in mammary tumor tissue. Also, after 12 hours, the 
concentration of labeled material in the tumor e* 
ceeds that found in the carcass, mammary gland, 
and ovary, and at 72 hours is equal to that of the 
liver. On fractionation with n-butanol, most of the 
tumor I'*! is found in the thyroxine-like fraction 
(Table 3), the proportion being somewhat less 
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’ than that found in the plasma and somewhat more 


than that found in the mammary gland. 

The over-all behavior of the injected dose is 
shown in Chart 3, from which it may be seen that 
the thyroxine iodine is excreted rather rapidly 
trom the body, appearing primarily in the feces 
and to a lesser extent in the urine. This excretion 
‘ollows an exponential curve and gives a thyroxine 


half-life of about 20-22 hours in these animals. 
| The liver, plasma, and tumor contain not incon- 
 gderable amounts of labeled material, although 
the carcass, exclusive of these tissues, contains the 
' greater proportion of I!*! at all time intervals. 


DISCUSSION 
The metabolism of tracer doses of labeled thy- 


s roxine in rodents appears to be indistinguishable 
from that of the endogenously formed thyroid 


hormone (5, 6). In the present series, the weight of 


thyroxine injected (0.02 ug.) was assumed to be 
sufficiently small so as to behave as a tracer sub- 
- stance and thus to indicate the normal metabo- 
_ lism of thyroid hormone in the two strains of mice. 


In comparing the results in the C3H and C57 


7 animals (Table 1, Chart 1), the most striking dif- 
- ference was the greater urinary excretion of the 


labeled material from the latter strain. Since most 
of the urinary radioactivity occurs as todide ton (4, 
6), the metabolism (deiodination) of thyroxine is 
more rapid in the C57 mice. The primary factor in 
this strain difference in thyroxine metabolism 
would appear to be a strain difference in liver 
function, since this organ has been shown to play a 
major role in the excretion, degradation (4, 5), and 


3 detoxification of thyroxine (3). This is borne out 


by the greater concentration of radioactivity in the 
C3H livers at 2 hours after injection, associated 


E with a much slower decrease in I!*! concentration 
4 between 2 and 24 hours, than is found in the cor- 
c responding organs of the C57 animals (Chart 1). 


The net result of this metabolic difference is 


: that the iodine of a thyroxine molecule has a 


longer mean duration in the body of a C3H, as 
compared to a C57 mouse. From the data, this 


| duration can be calculated (ef. [5]) to be 30 hours 
' and 17 hours, respectively. However, the differ- 
_ ence in the thyroxine secretion rates is not as 
great, being 6.0 and 7.0 ug of pL-thyroxine/100 gm 
_ body weight/day, respectively (15).! From these 


igures, it may be calculated? that the total body 


'F. W. Smith, personal communication. 
If it is assumed that thyroid hormone metabolism is in a 


’ steady state over short periods of time (1), (that is, that the 
a oe of formation is equal to the rate of loss from the body), it 
3 “ lows that if, in the case of the C57 animal, the total body 


yroxine (exclusive of that of the thyroid) is renewed in 17 


; ‘ours and the rate of hormone secretion is 7.0 ng/100 gm of 


thyroxine (exclusive of thyroid thyroxine) is 
1.65 wg. in the C3H, and 1.04 ug. in the C57 ani- 
mals used in this experiment. That is, the concen- 
tration of thyroid hormone in the body is higher in 
the C3H than in the C57 mice. 

This increased concentration and duration of 
thyroxine in the C3H mouse may be a factor in 
mammary tumorigenesis. Thus, in mice, unlike 
rats (16), thyroxine appears to increase the respon- 
siveness of mammary tissue to gonadal hormones 
(9, 10). Conversely, anti-thyroid drugs inhibit 
mammary gland growth and tumor formation (2, 
12, 17) without themselves exerting a direct effect 
on mammary tissue (9)—1i.e., by causing a de- 
ficiency of thyroid hormone. It is possible, then, 
that the increased level and duration of thyroxine 
in C3H mice may increase the responsiveness of 
mammary tissue to gonadal hormones and thus 
facilitate the appearance of mammary tumors. 

The thyroxine metabolism in C3H mice does 
not appear to be affected either by the size or pres- 
ence of a mammary tumor, since no differences in 
distribution or correlation with tumor weight 
could be demonstrated. It is likely that the skin 
I'3! concentration correlation with tumor weight 
after radiothyroglobulin administration, observed 
by Scott et al. (13), was due to some iodinated com- 
pound other than thyroxine. Indeed, the same au- 
thors also failed to find any similar correlation with 
gastrointestinal tract radioactivity after radio- 
thyroxine administration (14). 

With regard to thyroxine metabolism in tumor 
tissue, if the peak values of the curves in Chart 2 
approximate the true peak values, it is evident 
that the tumor tissue showed a slower rate of entry 
and exit’ of radioactivity than did the normal tis- 
sues. This would represent a slower turnover of 
thyroxine or closely related metabolites, since most 
of the tumor radioactivity was butanol-soluble 
(Table 3). It is unlikely that this effect is due to 
localization of the radioactive material in the ne- 
crotic tissue of the tumor, as has been indicated in 
the case of certain halogenated dyes (17), since no 
correlation could be demonstrated between tumor 
radioactivity and a rough estimate of the percent- 
age of tumor necrosis in the individual animals. 
Thus, the slower turnover of thyroxine iodine ap- 
pears to be a function of active tumor tissue. The 


body weight/day (i.e., 1.47 ug/day for a 21-gm. animal), then 
the total body thyroxine content is equal to 1.04 yg. (i.e., 
431.47). In the same way, the body thyroxine for the 22-gm. 
C3H mouse is calculated to be 1.65 ug. 


3 From the curves in Chart 2, it may be seen that tumor 
concentration of radioactivity decreases to half its peak value 
in 24 hours, while the plasma radioactivity does so in 13 hours 
and the other normal tissues in 15 hours. 
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mechanism and significance of this phenomenon 
are unknown. However, in view of all the well 
known effects of thyroid hormone on oxidative 
metabolism, it may be a factor in the metabolic 
effects peculiar to tumor tissue (cf. LePage [8]). 


SUMMARY 


1. Tracer doses of thyroxine labeled with I!*! 
were injected intravenously into C57, C3H, and 
C3H tumor-bearing female mice and their dis- 
tribution determined at 2 and 24 hours after ad- 
ministration. 

In a second series of experiments, tracer doses of 
radiothyroxine were administered subcutaneously 
to tumor-bearing C3H mice, and the I[!*! content 
of a tumor biopsy specimen at 4 hours was com- 
pared to the tumor and organ radioactivities at 24 
hours after injection. 

In a third experiment, the metabolism of radio- 
thyroxine was followed in groups of tumor-bearing 
C3H animals at 1, 2, 6, 12, 24, and 72 hours after 
the administration of the labeled material. 

2. It was found that there was a less rapid rate 
of [31 excretion in the C3H animals than in the 
C57 group; the mean life of thyroxine iodine in the 
body was 30 and 17 hours, respectively. Similarly, 
the I!*! of the plasma, liver, intestinal tract, and 
ovary decreased more slowly, and the rate of con- 
version of thyroxine to its metabolites was less 
rapid in the tumor-susceptible strain. From the 
data, it was calculated that the body content of 
thyroxine in the C3H was 13 times greater than in 
the C57 mice. The possible relationship of these 
findings to the hormonal influences in mammary 
tumor development are discussed, and it is sug- 
gested that the thyroid hormone may be a con- 
tributing factor. 

3. The presence or the variation in size of the 
mammary tumor had no demonstrable effect on 
the metabolism of thyroxine 

4. The radioactivity of the tumor tissue declined 
about 14 times less rapidly than did that of the 
normal tissues and was predominantly present in 
butanol-soluble form (i.e., as thyroxine or closely 
related compounds). 

The data would indicate that the delay in thy- 
roid hormone turnover is a function of the active 
tumor tissue, and it is suggested that this may be a 
factor in the metabolic processes peculiar to tumor 
tissue. 
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The Nature of the Fatty Acids of Rats Growing 
Walker Carcinoma 


Frances L. Haven, W. R. BLoor, AND CHALLISS RANDALL 


(Department of Biochemistry, University of Rochester School of Medicine and Dentistry, Rochester, N.Y.) 


' The bodies of rats bearing Walker carcinoma 
© 056 become depleted of fat, while the lipids of the 
» blood plasma increase markedly (10). In the pres- 
» ent experiments the nature of the fatty acids of 
- tumor, of host rats, and of pair-fed control rats 
’ without tumors was studied in order to interpret 
' the changes in lipid metabolism occasioned by 
tumor growth. 


MATERIALS AND METHODS 


_ Diets —Male Wistar rats were placed on a semi- 
' synthetic diet at weaning, and the food consump- 
| tion of each was measured. A week later each rat 
' was paired with one of equal body weight and food 
' consumption. At this time one rat of each pair was 
' designated as the experimental rat which would 
| receive a tumor transplant; the other rat, his pair- 
| fed control, consumed the amount of diet eaten by 
| the experimental rat. Six days after pairing, the 
experimental rat alone received a subcutaneous 
» transplant of Walker carcinoma 256. Two different 
» diets were used: Diet 262 (16) contained 21.3 per 
» cent Crisco! by weight; the other, Diet 290C (19), 
' contained 49.4 per cent elaidin? by weight. The 
_ elaidin was substituted for all the carbohydrate of 
| the diet in order to minimize the synthesis of fatty 
' acids from carbohydrate and thereby force elaidic 
» acid into the tissues. A test rat that ate the 
| elaidin diet ad libitum for 2 months prior to the 
experiment had an entirely normal growth curve; 
' no abnormalities were revealed at autopsy. 


*Thsinvestigation was supported by a research grant from 
i the National Cancer Institute, of the National Institutes of 
| Health, Public Health Service; by a grant from the Jane Coffin 
: Childs Memorial Fund for Medical Research; and by a grant 
> ‘tom the Fluid Research Fund of the University of Rochester 
| School of Medicine and Dentistry. 

__ TPresented in part at the Meeting of the American Asso- 
» ciation for Cancer Research, Inc., Cleveland, April, 1951. 

: ‘The Crisco had an iodine number of 32-33; solid acids 
comprised 50 per cent of the fatty acids. 

: , The elaidin, prepared by passing nitrogen trioxide into 
; Pi oil (19), was white, melted at 38°-39° C., and had an io- 
me “ine number of 69-70; 95 per cent of the fatty acids consisted 
of solid acids. 


Received for publication February 18, 1951. 


Preparation of tissues for analysis —Rats to be 
sacrificed were anesthetized with diethyl ether. 
Blood for analysis was obtained from the hearts of 
the animals on Crisco; the animals on elaidin were 
not bled but were allowed to asphyxiate. The 
gastrointestinal tract of each rat was removed, 
slit open, washed out, and ground with the carcass. 
Liver and tumor (including any large metastases) 
were removed, weighed, and minced. Carcass, 
liver, and tumor, respectively, were frozen and 
dried in the frozen state (lyophilized). The dry 
material was weighed, ground, and mixed; dupli- 
cate portions of each tissue approximating 1 gm, 
were accurately weighed. 

Extraction of lipids—Each weighed portion of 
dry carcass, liver, or tumor, wrapped in porous 
filter paper, was suspended beneath the drip of a 
reflux condenser connected by a ground glass joint 
with a flask on a hot plate. Each sample was hot- 
extracted for 5 and 3 hours, respectively, with fresh 
portions of a 3:1 mixture of 95 per cent ethy] alco- 
hol and diethyl ether, then for two periods of 3 
hours with a 1:1 mixture of chloroform and 
methyl alcohol. 


ANALYSES 


1. Total lipid.—Analysis for total lipid of the 
blood plasma was carried out by a method pre- 
viously described (2, 10). The extracts from each 
sample of dry tissue were combined and the solvent 
removed under partial vacuum at a temperature 
not exceeding 50°C. The residue was extracted 
with a 6:1 mixture of purified petroleum ether and 
redistilled chloroform and the extract washed with 
50 per cent ethyl alcohol. The solution of lipids 
was transferred to a weighed flask, the solvent re- 
moved under nitrogen, and the flask and contents 
dried to constant weight. 

2. Sapontfication of lipid—To the weighed 
sample of total lipid dissolved in 3:1 ethyl alcohol- 
diethyl ether was added approximately 5 drops of 
saturated aqueous sodium hydroxide per 0.1 gram 
of lipid. The flask was covered with a watch glass 
and the contents heated on the hot plate to sticky 


3 By carcass is meant the whole rat minus tumor and liver. 
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dryness. The residue was transferred to a 50-ml. 
centrifuge tube by means of 50 per cent ethy] alco- 
hol and the volume brought to 20 ml. The solution 
was thoroughly extracted with two separate por- 
tions of 6:1 petroleum ether-chloroform solution 
and the extracts of steroids discarded. The alcohol 
solution was then acidified to Congo Red with 6 N 
hydrochloric acid and the fatty acids extracted 
with at least two portions of purified petroleum 
ether. The extracts were combined in a volumetric 
flask, the solution made to volume, and aliquots 
containing about 3 mg. of fatty acids taken for 
determination of amount (1) and iodine number 
(23). 


acids expressed as percentage of total fatty acid; 
and the iodine number of each fatty acid fraction 
for carcass and tumor and for pair-fed contro] rats 
(see Table 3 for mean values). The carcass of each 
tumor-bearing rat contained less fatty acid thay 
the pair-fed control; the decrease was more pro. 
nounced in rats with tumors comprising over 8 per 
cent of the body weight. Accompanying the de. 
crease in carcass fatty acids was an increase in tota] 
lipid of the blood for each tumor-bearing rat as 
compared to his pair-fed control. In considering 
the data of Table 1, attention will be focused oy 
the seven rats with tumors comprising 8 per cent 
or more of the total body weight, since they 


TABLE 1 
THE FATTY ACID CONTENT OF TUMOR-BEARING (E) AND OF PAIR-FED (C) RATS ON CRISCO DIET 
CARCASS Tumor 
Blood plasma Solid acids Liquid acids Solid acids Liquid acids 
| Oo = < < & < - 
| eg & ae oP Sf 
E 7 306 + 68 382.5 25.0 42.6 51.3 54.3 107.1 0.3 no analyses 
Cc 238 42.4 34.4 48.8 62.6 51. 114.5 
E 10 533 + 143 41.2 33.7 44.2 56.6 56.7 106.4 1.0 T 45.9 48.8 59.5 116.0 
C 390 46.6 38.5 47.2 56.6 54.3 108.2 
E 15 600 + 319 21.6 15.1 46.2 54.6 57.0 111.1 12.8 16.6 9.8 48.5 44.4 63.3 191.7 
C 281 39.8 32.8 39.6 44.7 62.5 107.3 
E 17 1,500 +1,268 17.0 11.9 46.3 48.1 55.5 118.7 25.1 13.8 7.6 34.6 26.7 68.2 138.0 
c 232 41.7 34.7 42.4 45.9 58.8 107.3 
E 19 290 — 51 31.4 26.0 55.6 63.9 46.7 112.4 8.3 14.2 7.3 30.5 26.0 66.9 135.5 
C 341 48.3 42.0 48.0 57.0 54.1 107.1 
E 2 4385 + 220 20.8 16.7 48.7 60.5 51.1 119.6 18.6 13.0 7.0 33.7 24.6 67.4 129.0 
#8 215 53.4 46.5 49.1 51.2 53.2 106.4 
E 26 470 + 129 28.2 23.6 48.6 54.9 52.6 108.4 16.4 15.9 8.7 35.1 28.9 64.6 135.9 
C 341 34.7 30.1 40.8 47.9 60.6 106.4 
E 28 300 + 42 7.7 3.6 32.5 28.7 68.1 145.4 36.6 13.3 6.7 38.1 27.1 68.4 126.6 
C 258 39.7 32.7 35.8 42.7 58.9 107.1 
E 30 550 + 270 8.0 3.6 36.8 27.2 63.8 138.0 23.8 13.7 5.7 27.1 26.0 68.7 156.0 
u 280 47.3 40.9 41.6 49.0 58.7 106.7 


* B.W. =Body weight of rat plus tumor. 
+t No dry weight obtained. 
=fatty acids. 


3. Separation of solid and liquid fatty acids.— 
The removal of alcohol-insoluble material consist- 
ing of unsaponifiable phospholipid and the sepa- 
ration of solid and liquid fatty acids were carried 
out as described by Sinclair (18, 19). Iodine num- 
bers were determined on each fatty acid fraction 
(23). The sum of each solid and corresponding 
liquid acid fraction equalled from 90.2 to 106.8 per 
cent (median = 99.9 per cent) of the known 
amount of purified, mixed fatty acid taken for the 
separation. 


EXPERIMENTS AND RESULTS 


Rats on Crisco diet.—Table 1 shows the total lip- 
id and fatty acid content, the solid and liquid fatty 


showed more pronounced effects of the tumor on 
the host. 

The fatty acid composition of the tumor differed 
qualitatively and quantitatively from that of both 
the host and control rat. Except in the two rats 
with large, older tumors where carcass fatty acids 
were low, the fatty acids made up a much smaller 
percentage of the dry residue of the tumor than of 
the carcass. The percentage of solid acids in the 
tumor was significantly lower with a lower iodine 
number, while the percentage of liquid acids was 
correspondingly higher and the iodine number 
higher than in the carcass of the tumor-bearing rat. 

The fatty acid composition of the host rat was 
qualitatively similar to that of the control rat, 
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except for the iodine numbers of the liquid fatty 
acids which were significantly higher in rats with 
tumors. The percentage and iodine numbers of the 
solid fatty acids tended to be higher in rats with 
tumors, with the exception of the last two rats with 
larger older tumors where the situation was re- 
versed. 

The livers of tumor-bearing and control rats on 
the Crisco diet showed no significant differences in 
content of total lipid or in fatty acid composition. 
However, the water content of the liver, expressed 


wet tissue, was significantly higher in rats with 
tumors than in control rats, as observed for 


acids higher with higher iodine numbers than in 
the controls. 

The average value of 16.7 per cent of the fat- 
free dry residue for total lipid of the livers of tu- 
mor-bearing rats was significantly less than 19.4 
per cent for the controls. The water content of the 
livers of the experimental rats was not elevated. 
This terminal decrease in total lipid parallels the 
premortal decrease in nitrogenous substances of 
the liver found by Sherman et al. (15). 

A summary of the mean values for the fatty 
acid data of Tables 1 and 2 is presented in Table 3. 
The statistical analysis (5) of the data is indicated. 
It will be noted from this table that in the Crisco 


TABLE 2 
THE FATTY ACID CONTENT OF TUMOR-BEARING (E) AND OF PAIR-FED (C) RATS ON ELAIDIN DIET 


CARCASS 


Solid acids Liquid acids 


EB 2 211.5 8.1 56.9 58.2 36.8 43.0 128.5 
C 2.5 22.7 62.3 65.0 45.0 27.9 117.5 
8.0 4.8 49.1 52.2 27.4 44.7 192.1 
 C 37.0 32.4 61.4 71.1 48.5 31.3 90.0 
226 18.1 58.4 70.0 45.4 44.4 102.4 
. Cc 23.5 19.2 57.6 64.7 41.4 33.8 96.9 
'E 31 96 4.9 49.8 61.6 34.1 49.5 114.4 
BC 44.0 37.4 62.4 71.4 49.5 30.4 82.5 
iE 84 8.4 5.0 46.6 53.9 27.9 45.3 121.1 
SC 27.3 23.3 59.5 78.4 51.8 30.9 118.6 
/ E 8 90 4.5 55.7 58.5 36.2 45.6 140.2 
, C 34.9 30.8 68.5 77.0 58.6 27.5 97.5 


* B.W.=Body weight of rat plus tumor. 


Walker tumor 256 by McEwen and Haven (13) 


; and confirmed by others (7, 15). 


Rats on elaidin diet—Table 2 shows the total 


_ lipid and fatty acid content, the solid, liquid, and 


: elaidic acid expressed as the percentage of total 


fatty acids, and the iodine number of the solid and 


_ liquid fractions for carcass and tumor and for con- 
_ trol rats. With the exception of the rat sacrificed 
_ days after transplantation of tumor, the carcass 
_ of the tumor-bearing rat contained much less fatty 
_ acid than that of the control rat. 


Unlike the rats on the Crisco diet (Table 1), the 
latty acid composition of the tumor showed no sig- 


nificant qualitative difference from that of the car- 
B cass of the host rat, except in the percentage of 
_ liquid acids which was higher in tumor than rat 


(Table 3). On the other hand, the carcasses of the 


rats with tumors differed markedly in fatty acid 
_ composition from those of the controls. The per- 
centage of solid acids was significantly lower with 


lower iodine numbers and the percentage liquid 


TUMOR 


Solid acids Liquid acids 


= < < 

3.1 10.7 6.3 46.4 56.9 29.3 51.1 154.2 
39.4 12.2 7.8 51.9 55.3 31.9 47.3 123.2 
22.6 11.5 6.6 37.8 46.4 19.6 55.7 185.7 
46.5 10.9 6.6 45.0 58.1 29.1 52.4 119.1 
41.3 10.0 4.6 47.3 50.1 26.3 55.0 127.3 
54.7 18.4 7.9 51.8 61.0 35.1 45.9 135.7 


series, where tumors were small, the fatty acid 
composition of the carcass of the tumor rat was 
like the control and different from the tumor; 
in the elaidin series, where tumors were very large, 
the carcass of the tumor rat was like the tumor and 
different from the control rat in fatty acid com- 
position. 
DISCUSSION 

The progressive growth of Walker carcinoma 
256 in rats has previously been shown to cause an 
increase in total lipid of the blood plasma (3, 10), 
consisting essentially of an increase in the fatty 
acid fraction. Likewise, the total lipid content of 
the host rat was found to decrease significantly 
(10, 14) during growth of the tumor. That this de- 
crease was primarily in the fatty acid fraction of 
the total lipid is evident from the results of the 
present experiments. In spite of the higher fat con- 
tent of the diet, tumor rats on elaidin suffered a 
greater depletion of the carcass fatty acids than 
did rats on Crisco, an effect doubtless due to the 
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larger tumors. On a diet containing only 8 per 
cent Crisco, the marked loss of lipid from the car- 
cass of rats during progressive growth of this tu- 
mor, as compared to pair-fed rats ingesting ex- 
actly the same amount of diet, has been attributed 
to an increase in the caloric requirement of the 
host (14). 

Although the amount of total (unseparated) 
fatty acid of tumors was essentially the same on 
both diets, the greater content of solid, unsatu- 
rated acids (elaidic acid) when elaidin was fed 


TABLE 3 


THE MEAN VALUES AND SIGNIFICANCE OF THE DIFFER- 
ENCE BETWEEN THE MEANS FOR THE FATTY ACID 
COMPOSITION OF TUMOR, OF TUMOR RAT AND OF CON- 
TROL RAT 


Summary of Data from Tables 1 and 2 


Con- 
TuMoR TROL 
TuMOoR RAT RAT 
Mean Pvalue* Mean Pvaluet Mean 
Crisco diet: 
(Table 1) 
Tumor per cent 
B.W.f (av. 20.2) 
Solid F.A. percent 33.9 <0.01 45.3 NS.§ 42.5 
Liquid F.A. per 66.8 <0.01 55.9 N3S. 58.1 
cent 
I.N. solid F.A. 29.1 <0.01 48.2 N.S. 47.2 
I.N. liquid F.A. 134.7 N.S. 120.5 <0.05 106.9 
>0.02 
Elaidin diet: 
(Table 2) 
Tumor per cent 
B.W. (av. 37.9) 
Elaidic acid per 28 .6 NS. 34.6 <0.01 49.1 
cent 
Solid F.A. per cent 46.7 NS. 52.8 <0.01 62.0 
Liquid F.A. per 51.2 <0.01 45.4 <0.01 30.3 
cent 
I.N. solid F.A. 54.6 N.S. 59.1 <0.01 71.3 
I.N. liquid F.A. 132.5 N.S. 121.5 <0.05 100.5 
<0.02 


* Significance of the difference between the means of tumor and of 
carcass of tumor-bearing rats. 


t Significance of the difference between the means of tumor-bearing and 
control rats. 


t Only data from pairs of rats with tumors over 8 per cent of total body 
weight are summarized here 


§ Not significant. 


Summary: In the Crisco series the tumor rat differs from the tumor and 
is similar to the control rat; in the elaidin series the tumor rat is similar to the 
tumor and differs from the control rat. 


(Table 2) proves that food fat is built into this 
tumor. The entrance of elaidic acid into the phos- 
pholipid fraction of this tumor has been shown 
previously (9). The increase in solid, unsaturated 
fatty acids in the tumors caused a decrease in the 
content of liquid acids without changing the de- 
gree of unsaturation of the latter. If elaidic acid 
replaces oleic acid, as Sinclair believed (19), then 
the iodine number of the liquid acids should have 
increased. The reason for the lack of increase in the 
degree of unsaturation of the liquid acids is not 
known, but the possibility exists that only so much 


unsaturation per se is necessary for tumor tissue 
and growth. If some is available in the solid fatty 
acid fraction, then the liquid acids, although pr. 
duced in amount, need not be more unsaturated, 

In the carcass of the rats with tumor, elaidic 
acid, a solid unsaturated acid with one double 
bond, made up considerably less of the total fatty 
acids than in the pair-fed controls that ingested 
the same amount of this acid. Thus, the tumor rat 
must be able to use a fatty acid containing one 
double bond. The significant increase in the degree 
of unsaturation of the liquid acids in the host rat, 
as compared to the control, may be attributed to 
this use by the tumor rat of monoenoic fatty 
acids. The increase in the iodine number of the 
liquid fraction is also inversely related to the total 
amount of fatty acids left in the rat. When roughly 
two-thirds of the fatty acids were gone (compared 
to the control), the iodine number rose sharply. 
A similar relationship was established by Hodge 
et al. (11) for the fasting mouse; the iodine number 
of the total lipid of the carcass increased slowly 
until about three-quarters of the utilizable lipid 
was burned, after which interval the iodine num- 
ber increased rapidly. 

Complete metabolism (burning) of the saturated 
and only slightly unsaturated acids would spare 
the highly unsaturated acids for their structural 
function of incorporation into phospholipids (17). 
In the host rat, whose fat stores were completely 
exhausted because of the presence of a large tumor, 
the fatty acids probably consisted almost entirely 
of phospholipid fatty acids, which might account 
for their similarity to the fatty acids of tumor, a 
tissue rich in phospholipid. Smedley-MacLean 
(20, 21) ascribed the disappearance of highly u- 
saturated acids from the skin of rats bearing 
Walker 256 to their utilization in the formation of 
tumor tissue. Our data support this theory, since 
in tumor, regardless of diet, the liquid acids pre- 
dominated in amouat over the solid acids, a situa- 
tion which might conceivably create a demand for 
liquid acids on the part of the growing tumor. 

The mobilization of fat occurred early in the 
growth of the tumor (Table 1) while the food ir- 
take was normal and before the carbohydrate and 
protein stores of the animal were exhausted. Both 
our experiments and those of Smedley-Maclean 
indicate that fat may be mobilized for the purpos 
of providing a plentiful supply of the essential ur- 
saturated fatty acids for building tumor tissue. 
Since the experiments of Hodge (11) and Longe: 
necker (12) show that fat is mobilized nonst- 
lectively, the demands of the growing tumor fo 
unsaturated acids for formation of phospholipid 
and for the esterification of cholesterol (8) might 
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create an excess of saturated fats to be burned. An 
excess of nonprotein foods is known to stimulate 
tissues to Increase oxygen consumption, the effect 
of which would be to force a higher caloric re- 
quirement on the host. The marked lipemia also 
indicates a slow removal of fat from the blood, a 
condition which would be aggravated by impaired 
activity of lipase and esterase as established for 
the tissues of rats bearing tumors other than 


Walker 256 (4, 6, 22). 


SUMMARY 


1. Rats bearing Walker carcinoma 256 and rats 
without tumors that ate the same amount and 
kind of diet containing either Crisco or elaidin 
were compared with respect to: (a) total lipid con- 
tent of blood plasma and carcass and (6) amount 
and degree of unsaturation of solid and liquid fatty 
acids. 

2. The total lipid content of the blood plasma 
was higher, while that of the carcass was lower in 
rats with tumor. The rise in blood lipids occurred 
early in tumor growth. 

3. In rats with small tumors, the nature of the 
fatty acids of the carcass differed markedly from 
that of the tumors and was closely similar to that 
of the controls. 

4. Inrats with large tumors, the fatty acids of the 
carcass were closely similar qualitatively to those 
of the tumor and significantly different from those 
of the pair-fed controls. 

5. The degree of unsaturation of the liquid fatty 
acids was greater in carcasses of tumor-bearing 
rats than in controls. 

6. In the carcass of the tumor-bearing rat the 
degree of unsaturation of the liquid fatty acids was 
inversely related to the fatty acid content of the 
rat. 

7. In brief, the effect of the growing tumor on 
the host seems to be (a) to cause a lipemia, (b) to 
decrease the fatty acid content of the host, (c) to 
cause the ratio of solid to liquid fatty acids to be- 
come like that in tumor, and (d) to increase the 


_ degree of unsaturation of the liquid acids of the 


host. 
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Effects of Anterior Hypophyseal ‘Transplants 
on Intrasplenic Ovarian Grafts” 


MarTIN SILBERBERG, RUTH SILBERBERG, AND HELEN V. LEIDLER 


(Snodgras Laboratory, Hospital Division, City of St. Louis, Mo.) 


In virgin mice of strain A, anterior hypophyseal 
transplants increased the incidence of mammary 
cancers; in castrate males bearing hypophyseal 
and ovarian grafts, the number of mammary can- 
cers exceeded that noted after transplantation of 
ovaries alone. These findings were interpreted as 
owing to the release of gonadotrophins by the hy- 
pophyseal transplants, which stimulate the output 
of estrogen by the animal’s own or the grafted 
ovaries (6, 9, 10). Therefore, it seemed of interest 
to investigate whether or not hypophyseal trans- 
plants might exert effects on intrasplenic ovarian 
grafts which are already exposed to increased ac- 
tivity of the animal’s own hypophysis. 


MATERIALS AND METHODS 


One hundred and twenty-three mice of the 
closely inbred strain A were ovariectomized at the 
age of 3—4 weeks. At the time of ovariectomy, one 
ovary was transplanted into the spleen. Sixty-two 
of the animals received no further treatment. One 
to 3 weeks after ovariectomy, the remaining 61 
mice received grafts of four anterior hypophyses 
obtained from closely related donors 1-3 months 
of age. Fifty-one mice received anterior hypophy- 
ses from male donors, seven mice received hypoph- 
yses from female donors, and two mice received 
combinations of two male and two female, or one 
male and three female hypophyses, respectively. 
In one case, the sex of the donors was not recorded. 
The technic of transplantation has been described 
previously (7, 9). The mice were kept on a stock 
diet of Purina Laboratory Chow and water ad 
libitum. Groups of animals were sacrificed 1, 2, 4, 
5, 6, 9, or 12 months following ovariectomy. At 
necropsy, hypophyseal transplants or fragments of 
tissue suggestive of such transplants, spleen with 
ovarian grafts, four mammary glands, one leg, and 
some adrenals were removed, fixed in Bouin’s solu- 


* This investigation was supported by a research grant 
from the National Cancer Institute, Public Health Service, and 
a grant from the Brant Fund of the American Medical Associa- 
tion. 
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tion, and imbedded in paraffin. Semi-serial sections 
stained with hematoxylin and eosin were prepared 
for microscopic studies. 


OBSERVATIONS 


Of 123 splenic transplants originally made, 66 
were suitable for the purpose of the present investi- 
gation. The remainder had to be discarded because 
of fibrous adhesions around the spleen or because 
of the failure of the grafts to take or to stay in the 
spleen. Altogether, 30 ovarian transplants of mice 
carrying no hypophyseal grafts and 36 ovarian 
transplants of mice carrying hypophyseal grafts 
were studied. Of the latter mice, 31 had received 
male hypophyses, and 4 animals had received fe- 
male hypophyses, the remaining mouse being the 
one recipient for whom the sex of the donors was 
not recorded. Details of the experiments are shown 
in Tables 1 and 2. 

The fate of subcutaneous hypophyseal grafts 
has been described previously (7, 9, 10), and fune- 
tioning grafts have been illustrated by us (9, 10). 
Transplanted hypophyses may remain alive and 
function through life; yet, with an increasing inter: 
val of time after grafting, many transplants under- 
go fibrosis or resorption. In 16 of the 36 animal 
used for the present investigation, hypophyses 0t 
remnants thereof could be identified microscop!- 
cally. The results of cytological and cytochemical 
studies of such grafts, which are presently being 
carried out, will be reported at a later date. 


Microscopic EXAMINATION 


In Tables 1 and 2, the interval from the time of 
grafting of the ovaries, the number of mice, the 
number of ovarian tumors and of hyperplastic 
ovaries found, and the microscopic findings @ | 
given for all animals. The grade of the change I 
indicated by one or several + signs placed in p* 
rentheses behind the number of mice showing the 
the respective change. In Table 3, the tumors a" 
classified according to their microscopic structure 
Uniformly enlarged and proliferating ovaries, yel 
containing the typical ovarian structures, We" 
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TABLE 1 


OVARIAN GRAFTS NOT GROSSLY ENLARGED 


WITHOUT HYPOPHYSEAL GRAFTS (7 MICE) 
No. of ovaries showing 


Increase of 


WITH HYPOPHYSEAL GRAFTS (11 MICE) 
No. of ovaries showing 


MonTHS Increase of 
FTER No. Stimula- Presence Young Old No. Stimula- Presence Young Old 
pecs of tion of of lutein lutein of tion of of lutein lutein 
Sor OVARIES mice _ follicles tubules tissue tissue mice follicles tubules tissue tissue 
3(+) 0 3(+)  1(4) 2 (+) 3 (+) 5(+) 
| 3 (++) 1 (++) 1 (++) 
2 (+) 0 2(+) 1(+) 1 (+) 1 (+) 1(+) =1(++) 
2 2 (+) 1 (+) H+) 5* 1(+) 2 (++) 2(+) 
1(++) 1(-+-+) 3 (++) 
[respective 7 7 (+) 1 (+) 6(+) 3(+) 11 4 (+) 4 (+) 8(+) 1(4) 
of dura- 1(++) 1(++) 6 (++) 3 1(++) 3(++4) 
tion of 3 (+++) 
exp. 


«(ne animal had an early mammary tumor. 


TABLE 2 


OVARIAN GRAFTS GROSSLY ENLARGED 


WITHOUT HYPOPHYSEAL GRAFTS (23 MICE) 


No. of hyperplastic ovaries showing 


WITH HYPOPHYSEAL GRAFTS (25 MICE) 


No. of hyperplastic ovaries showing 


Mos No. No. 

AFTER No. of Stimu- No. of Stimu- 

GRAFT of hyper- lation Pres- Increase of of hyper- lation Pres- Increase of 
woor No. ovar- plas- of ence Young Old Neo. of ence Young Old 
he ova = iantu- tic fol- of lutein lutein of iantu- tic fol- of lutein lutein 
ce nigs mice mors ovaries licles tubules tissue tissue mice mors. ovaries licles tubules tissue tissue 
nn 1-5 7 1(+) 4(4) 6 5* 1 1(++) 1(4) 1(++) 1(4++4) 
4* 4 8 (4): 4) 4* 2(+) 2(4+) 2(4+4+4) 
3 (++) 1(++) 1(+-+) 1(++) 1(++) 
e me 6* 2 1(++) 2(+) 12 9*¢ 3 3(+) 2(44++4+) 3(4+4++4) 

spee- 14+) (44+) 1 (+4) 1(++)  5(+4++) 4(444) 

tive of 2 (+++) 

dura- 

tion of 

exp. 


MoNTHS AFTER 
OVARIAN GRAFTING 


4-5 


6-8 


9-12 


Irrespective of 
duration of 
exp. 


* Classification is given in Table 3. 
j One animal had, in addition, a mammary tumor. 


Total no. 


of tumors 


and cysts 


3 


13 


TABLE 3 


MICROSCOPIC CLASSIFICATION OF THE TUMORS 


WITHOUT HYPOPHYSEAL GRAFTS (30 MICE) 


Types of growth 
3 granulosa-cell tumors (2 cystic) 


4 granulosa-cell tumors (2 cystic) 


3 granulosa-cell tumors (2 cystic) 
2 mixed tumors (1 cystic) 
1 luteoma 


10 granulosa-cell tumors (6 cystic) 
2 mixed tumors 
1 luteoma 


* Measurements: 8X8 X8 mm. 

Tt One animal had,in addition, a mammary tumor. 
} Measurements: 5X5 X5 mm.; 4X4X5 mm. 

§ Measurements: 6X7 X8 mm. 


WITH HYPOPHYSEAL GRAFTS (36 MICE) 


Total no. 
of tumors 


and cysts 


5 


4 


9 


18 


Types of growth 


3 granulosa-cell tumors (1 cystic) 
1 mixed tumor 

1 luteoma 

1 granulosa-cell tumor (cystic) 

1 mixed tumor 

1 luteoma 

1 large cyst with lutein tissue* 

3 mixed tumors 

3 luteomast 

2 large cysts with lutein tissuet 
1 large cyst$ 

4 granulosa-cell tumors 

5 mixed tumors 

5 luteomas 

4 large cysts (3 with lutein tissue) 
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considered as hyperplastic; tumors were diagnosed 
when proliferating nodules free from pre-existing 
ovarian tissue were seen. The following description 
and symbols apply to the findings in the grossly 
nonenlarged as well as hyperplastic ovaries. 

Follicles—(+-) stimulation: numerous mitoti- 
cally proliferating primordial and small or medi- 
um-sized follicles are seen; (+ +) stimulation: 
many large proliferating follicles are present with 
or without follicular fluid. ) 

Tubules.—(-+): some tubules lined by cuboidal 
epithelium are found—they are often situated near 
the surface or the hilum of the ovary; (+ +): sev- 
eral foci of tubular glands are noted; (+ + +): 
small adenomatous formations are observed. 

Young lutein tissue.—An increase of (+) means 
the presence of large foci of eosinophilic lutein 
cells; of (+ +) that of coalescent layers of lutein 
tissue; of (+ + +) that of large lutein bodies oc- 
cupying most of the ovary. 

Old lutein tissue.—consists of large, vacuolated, 
clear cells or of cells containing fine, yellowish, 
granular “‘ceroid’’ pigment. An increase of (+) is 
characterized by small isolated groups of cells, one 
of (+ +) by coalescent foci of old lutein tissue, 
and one of (+ + +) by diffuse replacement of the 
ovarian tissue by ceroid cells. 


INTRASPLENIC OVARIAN GRAFTS WITHOUT HYPOPHYSEAL 
TRANSPLANTS 


Grossly nonenlarged ovarian grafts (7 of 30 
mice).—Proliferating follicles were present in all 
grafts removed 1—12 months after transplantation. 
A few tubules were noted in a single ovary out of 
seven removed 12 months after grafting. Increased 
amounts of young lutein tissue were seen in all 
ovaries of the younger age groups, whereas old lu- 
tein tissue was found only in one of three grafts 5 
months old, and in one of two grafts 7 months old. 
Only after 9-12 months of intrasplenic growth did 
the ovaries contain abundant old lutein tissues. 

Grossly enlarged ovarian grafts (23 of 30 mice) .— 
One to 5 months after transplantation, focal hy- 
perplasia was noted in four, and granulosa-cell 
tumors in three of seven mice, 5 or 6 months old. 
Two of the tumors showed cysts, and one disclosed 
tubules and teleangiectases. Six to 8 months after 
transplantation, granulosa-cell tumors were pres- 
ent in four of eight grafted ovaries. Two of these 
growths contained blood, phagocytosed blood pig- 
ment or small cysts, and some tubules. The longer 
the transplant was allowed to grow, the more con- 
-spicuous the latter elements as well as old lutein 
tissue became. After 9-12 months, tumors were 
found in six of eight ovarian grafts: three were of 
granulosa-cell type, two were mixed tumors, and 


one was a luteoma. In all hyperplastic ovaries, fy}. 
licular growth was stimulated, and in half it Was 
marked. Tubules were observed in one of foy 
grafts each 5 or 8 months old, and they were cop. 
spicuous in one of two grafts 10 months of age. A 
great deal of young lutein tissue was present in the 
ovaries of all age groups. One of four grafts 5 
months old, and three of six grafts 6-12 months of 
age showed old lutein tissue. 


INTRASPLENIC OVARIAN GRAFTS WITH SUBCUTANEOUS 
TRANSPLANTS 


Grossly nonenlarged ovarian grafts (11 of 3 
mice).—One to 5 months after transplantation, 
four of five animals showed living hypophyseal 
grafts. Three mice had received male and one had 
received female hypophyses, the fifth being the 
one in which the sex of the donors had not been re- 
corded. Follicular growth was slightly stimulated 
in two, and markedly intensified in three of five 
ovarian grafts; in four ovaries tubules were pres- 
ent. All ovarian transplants contained increased 
numbers of young lutein cells; in one graft, there 
were some, and in another numerous foci of old 
lutein cells. One ovarian graft was fibrosed in spite 
of the presence of living hypophyseal tissue (male 
donors). The one mouse examined 7 months after 
the transplantation of male hypophyses showed, 
in the ovarian graft, stimulation of follicular and 
tubular growth and large amounts of young and 


old lutein tissue. Hypophyseal grafts were not 


identified microscopically in this case. Nine to 12 
months after transplantation, follicular stimula- 
tion was accentuated in three, moderate in one, 
and absent in another of five ovarian grafts. Two 
ovaries contained clusters of tubules. Increased 
layers of young lutein tissue were noted in three 
grafts, and in four of five ovaries large areas were 
replaced by old lutein tissue. Hypophyseal grafts 
were not found except for one mouse in which a 
small lutein cyst had developed. In all experiments 
of this group, male hypophyses had been grafted. 

Grossly enlarged ovarian grafts (25 of 36 mice).— 
One to 5 months after transplantation, hyperplas- 
tic granulosa cells were seen in one ovary In ass0- 
ciation with viable hypophyseal tissue (male do- 
nors). There were tubules and abundant young 
and old lutein tissue in this ovary. Mitoses of 
young lutein cells were particularly impressive 11 
areas directly underneath the surface epithelium 
of the ovary. Tumors were found in five of six mice 
5 or 6 months old. Three of the neoplasms were 
granulosa-cell tumors (male hypophyses had been 
transplanted in two, and female hypophyses 1n one 
mouse), one (Fig. 1) was a mixed tumor (female 
hypophyses had been grafted), and one was  lu- 
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teoma (female hypophyses had been grafted). 
Hypophyseal grafts were identified microscopi- 
cally in four tumor-bearing mice. In one animal 
with a granulosa-cell tumor, no hypophyseal grafts 
were found. Small cysts, hemorrhages, phagocy- 
tosis of blood pigment, and thin-walled dilated ves- 
sels were observed frequently. Six to 8 months af- 
ter transplantation of hypophyses (male hypophy- 
ses had been grafted into all recipients), four ovari- 
an tumors were found, while three transplants were 
hyperplastic. In the latter, follicular growth was 
stimulated; tubular growth was present in three 
grafts, and it had reached major proportions in 
one of them; large amounts of fresh and old lutein 
tissue were noted in two ovaries. Of the tumors, 
one was a granulosa-cell tumor, one a mixed tumor 
(Fig. 2), one a luteoma (Fig. 3), and one was a 
large cyst with lutein tissue at the periphery. In 
the mouse bearing a granulosa-cell tumor, viable 
hypophyseal tissue was seen, while in the three re- 
maining animals the hypophyseal grafts had un- 
dergone fibrosis. All the mice sacrificed 9-12 
months after transplantation of the hypophyses 
had received pituitaries from male donors. Hyper- 
plastic ovaries were found in three and tumors in 
nine grafted ovaries. These grafts disclosed follicu- 
lar stimulation, and two of them showed adenoma- 
like formations of tubules and focal fibrosis. Abun- 
dant young and old lutein tissue was seen in three 
grafts. Of the tumors, three were mixed tumors, 
three were luteomas, and three were large cystic 
growths, two of them containing lutein tissue at 
the periphery. Viable hypophyseal tissue was 
found with one luteoma and with one large cyst 
containing lutein tissue at the periphery. 


DISCUSSION 


The present findings regarding tumor growth in 
intrasplenic ovarian grafts are essentially in agree- 
ment with those of other investigators (1-5). 
Moreover, we made some additional observations 
by studying the changes in non-neoplastic or pre- 
neoplastic grafts. There occurred in these trans- 
plants changes similar to those found in aged ova- 
ries of untreated mice, namely, formation of epi- 
thelial tubules, cysts, and clear or ceroid-laden lu- 
tein cells. In mice of strain A, these findings be- 
come common between the ages of 14 and 16 
months but are rare in ovaries less than 1 year old 
(6). In intrasplenic ovarian grafts of mice receiving 
no further treatment, these age changes began to 
appear as early as 5 months after transplantation, 
.,1n ovaries about 6 months old. In 8-month-old 
ovaries, grafts left in the spleen for 7 months, these 
changes were seen regularly. Presumably, the same 
factors that are involved in the pathogenesis of 


tumors are also responsible for the acceleration 
of age changes in the nontumorous intrasplenic 
ovarian grafts. 

Up to 8 months following transplantation, hy- 
pophyseal transplants were identified in eight of 
nine mice with intrasplenic tumors. Nine to 12 
months following transplantation, only two of 
nine tumor-bearing mice showed hypophyseal 
grafts. These findings are in harmony with the pre- 
viously reported progressive fibrosis and resorp- 
tion of such transplants (7, 9, 10). In the absence 
of living grafts it is obviously impossible to state 
whether or not the grafts had originally taken and 
functioned. There is, however, indirect evidence in 
support of these possibilities, such as the micro- 
scopic appearance of the mammary glands. Nine 
to 12 months after transplantation, all mice with 
intrasplenic tumors showed impressive stimula- 
tion of the mammary glands, ranging in degree 
from ductal proliferation and secretion to acinar 
growth. Estrogen can be ruled out as the cause of 
this stimulation, since intrasplenic tumors would 
not grow in the presence of estrogen. On the other 
hand, pituitary secretions, as produced by grafted 
hypophyses, have been shown to enhance mam- 
mary growth (7, 9, 10). 

In spite of the comparatively limited number of 
experiments, the following conclusions may be 
made: 

Under the influence of subcutaneous anterior 
hypophyseal grafts, the intrasplenic ovarian trans- 
plants underwent changes that distinguished them 
from similar transplants not exposed to equally ex- 
cessive hypophyseal stimulation. The differences 
between these two types of ovarian grafts were 
quantitative or concerned the time of appearance 
of age changes within the grafts. The processes of 
growth and aging were hastened in intrasplenic 
ovarian grafts of mice that had received hy- 
pophyseal transplants: follicular growth and de- 
velopment were stimulated; proliferation of theca 
cells was accentuated, and the latter cells were, at 
an early date, converted into lutein cells. An early 
increase of lutein tissue ensued, and, within the 
latter, old lutein tissue became rapidly predomi- 
nant over young lutein cells. Whether or not an- 
drogenic hormone is produced by the clear cells (8) 
has no bearing on the present investigation. The 
increased growth of lutein cells is probably at- 
tributable to the action of the luteinizing hormone 
produced by the transplanted hypophyses, which 
in 31 out of 36 recipients were derived from male 
donors. Moreover, under the influence of anterior 
hypophyseal transplants, epithelial tubules pro- 
liferated and appeared prematurely. These find- 
ings may likewise be interpreted as an acceleration 
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of age changes within the grafted ovaries caused 
by the transplanted hypophyses. The present ex- 
periments were terminated after 1 year of observa- 
tion. This may represent too early a stage to de- 
termine whether or not all nontumorous intra- 
splenic ovaries will ultimately undergo cyst forma- 
tion—possibly a manifestation of exhaustion after 
excessive growth—as do untreated senile ovaries. 
The increased number and size of cysts appearing 
in grafts toward the end of the first year of obser- 
vation certainly suggest such a possibility. 
Regarding the intrasplenic ovarian tumors, 
there was no evidence that the ultimate amount of 
newly formed neoplastic tissue was larger in the 
presence than in the absence of additional hy- 
pophyses. There was, however, in mice carrying 
hypophyseal grafts a trend toward an accelerated 
rate of tumor growth during the early stages fol- 
lowing transplantation. In correspondence with 
our findings in nontumorous grafts, the neoplasms 
themselves showed, under the influence of hy- 
pophyseal transplants, an increased occurrence of 
lutein tissue—an effect that has recently been ob- 
served following injections of pregnant mare serum 
into mice bearing intrasplenic ovaries (4). In the 
present experiments, a mixed tumor and a luteoma 
were seen as early as 5 months after transplanta- 
tion; and after 9-12 months, three mixed tumors, 
three luteomas, and two cysts with lutein tissue 
were found. This was in marked contrast to the 
findings in intrasplenic ovarian tumors of mice not 
receiving hypophyseal grafts in which luteomas 
are rare (4, 5), and in which we observed only one 
as late as 9 months after transplantation. Con- 
versely, granulosa-cell tumors were noted in mice 
of all age groups not receiving hypophyseal grafts, 


whereas in the presence of the latter we found no - 


granulosa-cell tumors in old ovarian grafts. 


SUMMARY 
In ovariectomized mice of strain A, the effects 
of subcutaneous anterior hypophyseal transplants 


Fics. 1-3.—Sections through intrasplenic ovarian grafts of 
ovariectomized mice of strain A having received four anterior 
hypophyses at 4-6 weeks of age. 


Fig. 1.—Section through a mixed tumor 3 months after 
transplantation of four female hypophyses. Viable hypophyses 
were identified. There is formation of epithelial tubules and 
lutein bodies. Mag. 400. 


on intrasplenic ovarian grafts were studied. The 
hypophyseal transplants promoted growth and age 
changes in the grafted ovaries: proliferation of {9}. 
licles and lutein tissue was stimulated; epithelia! 
tubules and old lutein tissue appeared prematurely 
and were increased in amount; intrasplenic tumors 
tended to appear early; and the ratio of granulo. 
cell tumors to luteomas shifted in favor of the lat. 
ter. These effects are considered to be caused by 
the action of both the follicle-stimulating and 
luteinizing hormones given off by the grafted 
hypophyses. 
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Fic. 2.—Section through a mixed tumor 6 months after 
transplantation of four male hypophyses. Fibrosed hypo- 
physeal tissue was found microscopically. Epithelial tubules 
and lutein tissue are seen. Mag. 400. 


Fic. 3.—Section through a luteoma 7 months after trans- 
plantation of four male hypophyses. Viable hypophyses were 
identified. The tumor consists of large lutein cells. Mag. X40. 
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Adrenal Cortical Function and Radiation-induced 
Lymphoid Tumors of Mice* 


Henry S. Kaptan, SUMNER N. Marper,t AND Mary B. Brown 


(Department of Radiology, Stanford University School of Medicine, San Francisco, Calif.) 


The acute involutional response of lymphoid 


tissues to the administration of adrenal cortical 
extract and the lymphoid hyperplasia which oc- 


ours after bilateral adrenalectomy are now well es- 
- tablished (4, 16). These physiological responses 
suggest that the level of adrenal cortical function 
might influence the development of lymphoid 
tumors in mice exposed to total body roentgen ir- 


radiation. These tumors are malignant lymphocyt- 


ic or lymphoblastic lymphomas, which have been 
described in detail elsewhere (6, 7). The present 
_ report is concerned with a series of four experi- 


ments designed to study the role of adrenal cortical 


function in the development of these neoplasms. 


METHODS 


Strain C57 black mice, of both sexes, were used. 
The observed spontaneous incidence of lympho- 
mas in this strain varies from 0 to 8 per cent, with 
virtually all tumors appearing after 1 year of age 
(13). In contrast, the incidence of lymphoid tu- 
mors within 1 year after whole-body irradiation 
has approximated 60-90 per cent. 

Except for the adrenalectomized animals of Ex- 
periment 4, all mice were maintained under identi- 
cal laboratory conditions on Purina Laboratory 
Chow and water ad libitum. Animals that died soon 
after irradiation or became too autolyzed for au- 
topsy were discarded. All other animals were ex- 
amined at autopsy; representative tissues were sec- 
tioned, stained with hematoxylin and eosin, and 
studied microscopically. 

In Exp. 1, littermate animals were distributed 
among four groups, all of which received total 


* These investigations were initiated in the Section of Bio- 
physics, National Cancer Institute, Bethesda, and continued 
in the Department of Radiology, Stanford University School of 
Medicine, with the aid of a grant from the National Cancer 
Institute, Public Health Service. 


1 Former National Cancer Institute research fellow and 
trainee in cancer. Present address: Mallinckrodt Institute of 


Radiology, Washington University School of Medicine, St. 


Louis, Mo. 


Received for publication April 14, 1951. 


body irradiation! starting at 6 weeks of age. The 
initial dose of 150 r/air on 5 consecutive days was 
reduced to 100 r/air/day <5, because of excessive 
mortality. One group received no further treat- 
ment; the others were injected with adrenal corti- 
cal extract? starting at 4, 6, and 12 weeks of age, 
respectively. In Exp. 2, littermate animals 4-6 
weeks of age were assigned to two groups, both of 
which received total body irradiation.! Five con- 
secutive daily doses of 100 r/air each were given. 
One group, on the first day of irradiation, also re- 
ceived a pellet of desoxycorticosterone acetate by 
trocar implantation.* 

The more complex design of Exp. 3 was based 
upon earlier evidence that radiation-induced 
lymphoid tumors of strain C57 black mice tend to 
originate in the thymus (8) and that the patho- 
genesis of these tumors involves an indirect mecha- 
nism as well as a possible direct effect of the ioniz- 
ing radiation (9). Local or total body irradiation 
and injections of cortisone acetate were given in 
various combinations as indicated in Table 3. 

The fourth experiment was designed to test the 
effect of bilateral total adrenalectomy on mortality 
and lymphoma incidence after roentgen irradia- 
tion of mice. Earlier studies in this laboratory have 
established an operative technic for adrenalectomy 
of mice, which is followed by a sustained reduction 
in adrenal cortical secretion, as measured by a po- 
tassium stress test (14). It has been found that a 
simple dietary regimen of bread and milk, supple- 
mented during the immediate post-operative peri- 
od by adrenal cortical extract, is adequate to sus- 
tain normal growth and development in mice 
adrenalectomized by this technic. 


1 Physical factors: 186 kvP, 20 ma., 0.25 mm. Cu and 0.55 
mm. Al added filter, focus skin distance 47 cm., output 66 
r/min. 

2 Lipo-adrenal extract in oil (Upjohn), 0.1 cc. intramuscu- 
larly 3 times per week for 2 weeks. 


3 Pellets containing 10-15 mg. of desoxycorticosterone ace- 
tate (Percorten) were supplied through the courtesy of Dr. 
Ernst Oppenheimer, Ciba Pharmaceutical Products, Summit, 
N.J. These were stated to have an average absoprtion rate of 
approximately 0.1-0.2 mg/day. 
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In the present experiment, littermate animals 
were distributed among three groups, the first two 
of which were subjected to adrenalectomy and the 
third to sham-operation at 1 month of age. The 
first group received no further treatment; the 
sham-operated and the other adrenalectomized 
group received total body irradiation in four doses 
of 175 r/air at 2-week intervals starting 6-10 days 
after operation. The adrenalectomized groups re- 
ceived two 0.l-cc. intramuscular injections of 
adrenal cortical extract? immediately after opera- 
tion and 4 days later. All groups were placed on 
a diet of bread soaked in milk enriched with 2 
per cent Brewer’s yeast. Because of the initially 
high mortality in the adrenalectomized-irradiated 
group, all adrenalectomized mice were soon placed 
on 0.9 per cent sodium chloride and 5 per cent glu- 
cose solution as drinking water, in addition. 


RESULTS 


The results of these four experiments are sum- 
marized in Tables 1, 2, 3, and 4, respectively. 
Adrenal cortical extract, in the dose given, had no 
significant effect on radiation-induced lymphoid 


TABLE 1 


EFFECT OF ADRENAL CORTICAL EXTRACT ON RADIATION- 
INDUCED LYMPHOID TUMOR INCIDENCE 


AGE AT 

START OF 
AGE AT ADRENAL 
X-RAY* EXTRACTT 


Av. 
LYMPHOID TUMORS INDUCTION 


No. TIME 


Group (WEEKS) (WEEKS) OF MICE No. Per cent (pays) 
I 6 aes 35 15 37 178 
Il 6 4 32 8 25 205 
Ill 6 6 51 9 29 200 
IV 6 12 33 15 45 193 


* Five doses of 100 r each. 


t Lipo-adrenal Cortex Extract in oil (Upjohn); 0.1 cc. intramuscularly 
$ times a week for 2 weeks. 


TABLE 3 


EFFECT OF CORTISONE ON DEVELOPMENT OF RADIATION-INDUCED LYMPHOMAS IN STRAIN C57 BLACK MICE 


tumor incidence (Table 1). The administratio, of 
desoxycorticosterone acetate was also without ef. 
fect (Table 2). 

In Exp. 3, no lymphomas developed after corti- 
sone administration alone. However, injections of 


TABLE 2 


LACK OF EFFECT OF DESOXYCORTICOSTERONE ACETATE 
PELLETS ON LYMPHOMA INDUCTION BY X-Rays 


Ay, 
INDUCTION 


No. LYMPHOID TUMORS TIME 

Group TREATMENT OF MICE No. Per cent (Days) 

I X-ray* 35 10 29 250 

II X-ray* plus 35 9 26 216 
Docat 


* Five daily doses of 100 r each. 


t Doca pellets, 10-15 mg. (Percorten, Ciba) 
Av. absorption rate, 0.1-0.2 mg/day 


hat 4-6 weeks of age, 
cortisone started either concurrently with whole. 
body irradiation or 6 weeks thereafter effected a 
distinct inhibition of lymphoma development 
(Table 3).* Cumulative incidence curves (Chart 1) 
appear to be reaching plateau levels (10). The re- 
sistance of mice to the development of lymphomas 
after local irradiation (9) was not modified by 
cortisone administration. 

In Exp. 4, adrenalectomized animals subjected 


4The data of groups II and III and of groups II and IV 
have been treated as separate 2X 2 contingency tables in tests 
of significance by the x? test, using Yates’ correction for con- 
tinuity (from R. A. Fisher and F. Yates, Statistical Tables 
for Biological, Agricultural, and Medical Research [3d ed.; Edin- 
burgh and London: Oliver and Boyd, 1949], pp. 4-5). Com- 
parison of groups II and III yielded a value for x’, with | 
degree of freedom, of 19.38, indicating a highly significant 
difference (P= <0.001). The value of x? for groups II and I\ 
was 7.88 (P = <0.01, >0.001), which is also significant. 
Similar computations for groups II and III of Exp. 4 yield a 
x? of 12.9, with a probability of less than 0.001. 


Av. No. 
X-RAY TREATMENT* DeETERMI- MICE WITH LATENT MICE 
NATE NO. LYMPHOMA PERIOD DEAD 
Group Dose Region Cortisonet OF MICE No. Per cent (pays) (NEG.) 
I none yes 39 
II r 4 every 4days Whole body no 50 48 96 147 
600 r 
Ill same yes 48 27 56 168 
IV same - - yes, 6 weeks 23 16 70 174 
post-x-ray 
V 300 r X 4 every 4 days Thymus yes 46 
(1,200 r) 
VI “7 r ~y every 4 days Shielded yes 46 1 2 118 
600 r 
VII same Shielded no 54 


* Physical factors: 120 kvP, 9 ma, 0.25 mm. Cu plus 1.0 mm. Al added filter, HVL 0.36 mm. Cu, output 32.2 r/min., target to mid-mouse distance 30 cm. 


Treatment started at 33+ 8 days of age. 


t Cortone acetate (Merck), 5 mg /cc, 0.05 cc (0.25 mg.) subcutaneously, 2 injections per week for 10 weeks, starting at time of first x-ray treatment, except 


in Group IV. 


“4 
No. 
MICE 
ALIVE 
39 | 
20 4 
| 7 
45 
5 
54 
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to a dose of total body irradiation which yielded a 
negligible number of deaths in sham-operated con- 


a trols suffered a very striking increase in mortality 


(Chart 2). The incidence of lymphoid tumors ob- 
served in surviving adrenalectomized, irradiated 
mice was significantly’ higher than that in sham- 
operated, irradiated controls (Table 4, Chart 3). 
This is consistent with an earlier report (12) that 
adrenalectomy accelerates the appearance of spon- 


taneous leukemias in strain C58 mice. 


DISCUSSION 


It appears that cortisone inhibits and adrenalec- 
tomy enhances the susceptibility of mice to the de- 
velopment of lymphoid tumors after total body ir- 
radiation. These observations, together with ex- 
perimental evidence (9, 11) that the genesis of 


these tumors depends in part upon an indirect, 
presumably systemic mechanism, suggest strongly 
that adrenal cortical responses may be involved in 
the induction process. 

If the indirect effect of irradiation were simply 
to stimulate the release of adrenal cortical hor- 
mone, it might have been expected that exogenous- 
ly supplied hormone-like material (cortisone) 
would act synergistically with local mediastinal ir- 
radiation to yield thymic lymphomas. Conversely, 
if the direct effect of irradiation upon the thymus 
were simply a nonspecific involution, the involu- 
tional stimulus provided by cortisone might have 
been expected to substitute for it. Neither response 
was observed (Groups V and VI, Table 3); in- 
stead, the action of adrenal corticoids proved to be 
inhibitory. 


TABLE 4 


EFFECT OF ADRENALECTOMY ON MORTALITY AND INCIDENCE OF RADIATION-INDUCED 
LYMPHOMAS IN STRAIN C57 BLACK MICE 


* All operations were done when mice were 33+ 8 days of age. 


No. MICE 
INITIAL SURVIVING MICE WITH Av. No. No. 
NO. Mor TALITY 3 MO. POST LYMPHOMA LATENT MICE MICE 
OPERA TION* X-rayt OF MICE No. per cent X-RAY No. Per cent PERIOD DEAD ALIVE 
| Adrenalec- 30 6 20 24 0 g 22 
tomy 
II . 175 r X 4 every 60 40 67 20 19 95 195 1 0 
* 2 weeks (700 r) 
Ill Sham same 61 2 3 59 27 46 204 32 


t X-ray treatment was started 6-10 days post-operatively. Physical factors: 120 kvP, 9 ma., 0.25 mm. Cu 1.0 mm. Al added filter, HVL 0.36 mm. Cu, out- 


a put 32.2 r/min, target to mid-mouse distance, 30 cm. 


EFFECT OF CORTISONE ON DEVELOPMENT OF RADIATION INDUCED LYMPHOMAS 


IN STRAIN C-57 BLACK MICE 


100. 
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SYNERGISTIC LETHAL EFFECT OF ADRENALECTOMY AND IRRADIATION IN 
C-S7 BLACK MICE 


70. X- RAY X- RAY X= RAY X- RAY ® 

©o 50L 
o AGE 3343 DAYS AT OPERATION 
> 401 @—@ ADRENALECTOMY PLUS X-RAY (60 MICE) 
X-——-X ADRENALECTOMY ALONE (30 MICE) 
A—A SHAM-OPERATION PLUS X-RAY (61 MICE) 
SOL X-RAY DOSE® x 4 EVERY TWO WEEKS 
= 

20L 

10 20 30 40 50 60 70 80 + @] 
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CHART 2 
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Of particular interest is the observation that 
> .jmilar inhibition occurs when cortisone injection 
> js delayed until 6 weeks after the last x-ray treat- 
> ment, indicating that the leukemogenic process 

| ‘ may still be reversed or delayed at this time. This 
~ result is perhaps analogous to the effect of delayed 

administration of certain anticarcinogenic chemi- 
cals (2) or of delayed institution of caloric restric- 
tion (18) on chemically-induced skin tumor inci- 
dence. Berenblum (1) and Tannenbaum (19) have 

"presented the thesis that tumor induction com- 

4 prises a series of two or more stages which are to 

some degree mutually independent. Further study 
~ of this possibility in the case of radiation-induced 

lymphoid tumors seems desirable. 

' It has previously been reported that mortality 

among irradiated animals increases after adrenal- 

 ectomy (3, 5) or hypophysectomy (15). In the 

3 present experiments, mice subjected to careful 

adrenal extirpation and maintained on an ade- 

. | quate dietary program suffered a profound in- 

crease in post-irradiation mortality. Since, under 

_ the treatment schedule employed, very few intact 

animals died, it would seem that irradiation acted 

asa stress test. It has been reported (17) that the 
lethal effect of massive x-ray doses in the LDso 
range was no greater in adrenalectomized than in 

intact mice. 

A sstatistical problem which has not been satis- 

 factorily solved is the analysis of comparative 

lymphoid tumor incidence in the adrenalecto- 
| mized-irradiated group, in which a high mortality 

- occurred prior to the time at which tumors could 
_ be anticipated, and the sham operated-irradiated 
' group in which deaths were few. It is difficult to 
ascertain that the surviving animals of the adrenal- 

 ectomized-irradiated group reflect the degree of 

susceptibility to lymphoma induction of the ini- 

" tially established group as a whole. It would there- 

' fore seem desirable to repeat this experiment, 

_ utilizing maintenance doses of desoxycorticoster- 
one acetate. 

i SUMMARY 
_ 1. The injection of cortisone either concurrently 
_ with or 6 weeks after total body irradiation sig- 
ulficantly inhibited the development of lymphoid 
' tumors in strain C57 black mice. No tumors oc- 
| curred in mice treated with cortisone alone. Corti- 
sone injection failed to modify the low lymphoma 
‘Incidence observed after irradiation localized ei- 
_ ther over the mediastinum alone or over the whole 
| body with the mediastinum shielded. 

2. Bilaterally adrenalectomized strain C57 black 

mice exhibited a striking increase in mortality and 

| 4 significant augmentation of lymphoid tumor in- 
| cidence after total body irradiation. 

3. Adrenal cortical extract and desoxycortico- 


sterone acetate did not influence radiation-induced 
lymphoid tumor incidence under the experimental 
conditions employed. 
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Basal Metabolic Rate and Liver Iumors Due to Azo Dyes 


WiciiaM L. Jr., AND C. A. BAUMANN 


(Department of Biochemistry, College of Agriculture, University of Wisconsin, Madison, Wis.) 


The question is still open whether hyperthyroid- 
ism alters the effectiveness of carcinogenic agents. 
Hyperthyroid agents have been given to mice or 
rats exposed to tar (10), 3,4-benzpyrene (1, 18), or 
2-acetylaminofluorene (15), with conflicting effects 
on the rate or extent of tumor development report- 
ed. A priori, the hyperthyroid state might be ex- 
pected to alter either the metabolism of the car- 
cinogen, or the reactions leading toward the devel- 
opment of tumors, or still other reactions that tend 
to suppress them. The net effect would be a re- 
sultant of these factors and would vary with the 
degree of hyperthyroidism and with certain in- 
duced secondary effects, such as an altered net 
caloric intake. Similar considerations apply to the 
effect of the hypothyroid state on tumor develop- 
ment. 

In the present study the basal metabolic rate 
(BMR) was altered in rats developing liver tu- 
mors due to p-dimethylaminoazobenzene (DAB) 
or m/’-methyl-p-dimethylaminoazobenzene (m/’ 
DAB), and this alteration was introduced either 
simultaneously with the carcinogen or alternately 
with it. The basal metabolic rates of the animals 
were measured at intervals, and parallel studies 
were made of the ability of various livers to de- 
stroy the carcinogen in vitro. 


EXPERIMENTAL 


Tumor PropwctTIon In Rats with ABNORMAL BasaL 
Metasouic Rates 

Methods.—Adult, male albino rats were housed 
in screen-bottomed cages and were given food and 
water ad libitum. DAB was fed at the level of 0.06 
per cent in Diet I, which contained: extracted 
casein, 12 per cent; salts, 4; corn oil, 5; and glucose 
monohydrate (Cerelose), to 100; and the following 
vitamins in mg/kg of diet: thiamine, 3.0; pyridox- 
ine, 2.5; calcium pantothenate, 7.5; riboflavin, 1.0; 
and choline, 500. Diet II contained 18 per cent of 
casein and 0.1 per cent of cystine plus the following 

* Published with the approval of the Director of the Wis- 
consin Agricultural Experiment Station. Supported in part by 


the Jonathan Bowman Cancer Fund and by a grant from the 
Committee on Growth, American Cancer Society. 
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vitamins in mg/kg of diet: thiamine, 6.0; pyridoy. 
ine, 6.0; calcium pantothenate, 20; riboflavin, 1.0: 
nicotinic acid, 10; p-aminobenzoic acid, 30 
inositol, 500; biotin, 0.5; folic acid, 0.5; and cho. 
line, 1,000. Each rat also received 2 drops of hal 
but liver oil every 4 weeks. Hyperthyroidism in the 
presence of DAB was usually induced by feeding 
0.24 per cent of iodinated casein! in Diets I or J] 
for 20 weeks; hypothyroidism was induced by 01 
per cent of 2-thiouracil in the drinking water at 
pH 8. 

For experiments with m’DAB, Diet III was 
used, which was like Diet I except that it contained 
2 mg. of riboflavin and 1 gm. of choline per kilo- 
gram. The carcinogen and the metabolic drugs 
were fed alternately; 0.064 per cent of m’DAB was 
given for a total of 8 weeks, the feeding of the dye 
being interrupted after 4 weeks by a 4-week period 
during which dye-free diets were fed. Iodinated 
casein or 6-n-propyl-2-thiouracil? (PTU) were fed 
only during the “period of interruption” (5), which 
was followed by 4 weeks during which the dye was 
fed and a final 8-week period during which the 
diet was free from either metabolic drugs or dye. 

Hyperthyroidism was produced by 0.25 per cent 
of iodinated casein in basal Diet III for 21 days, 
followed by a recovery period of 7 days. Hypo- 
thyroidism was produced by feeding 0.1 per cent of 
PTU for 8 days and 0.02 per cent for 18 days more. 
A near-normal BMR in the presence of the drugs 
was produced by the simultaneous feeding of 0.1 
per cent of PTU and 0.1 per cent of iodinated 
casein in the basal diet for 8 days, followed by 0. 
per cent of PTU and 0.1 per cent of iodinated 
casein. These drugs were taken from the ration on 
the same day that the hypothyroid group started 
the recovery period. The consumption of oxyge 
by rats from the various groups was measured In 
an apparatus modified from that described by 
Schwabe and Griffith (17) and the results ¢ 
pressed as liters of oxygen consumed per 24 hours 
per square decimeter of body surface. The surface 

1Todinated casein (Protamone), Cerophy] Laboratones 
Inc., Kansas City, Mo. 


2 Generously supplied by Caleo Chemical Division, 
can Cyanamid Co., Bound Brook, N.J. 
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area equals 11.36 W/* (4), where W is the weight 
: of the animal in kilograms. 


Tumors in rats fed DAB.—The most obvious re- 


: sult of feeding DAB with iodinated casein was the 
rats died before tumors developed, sur- 
vival being only eight out of nineteen (Table 1, 
' groups 2 and 5). Those that survived showed an 
~ over-all tumor incidence of 88 per cent, compared 
to 33 per cent in the controls. The use of the more 


oor condition of the animals; most of the hyper- 


complete Diet II did not effectively increase sur- 
vival among the hyperthyroid animals (Table 1, 
groups 8 and 10), even though they were allowed 


to “recover” for a period of 2 weeks on a diet con- 


rate series hyperthyroidism increased the number 
of tumors under these conditions: 50 per cent of 
the hyperthyroid rats developed liver tumors, as 
compared to 23 or 27 per cent for the controls 
(Table 3, groups 1 and 2, 5 and 6). 

The BMR of rats fed 0.1 per cent of PTU for 8 
days decreased from 1.55 to 1.121 O2./24 hrs/dm?, a 
28 per cent depression from the normal (Table 2); 
0.02 per cent of PTU then maintained the hypo- 
thyroid state for 18 days. Four days of recovery in- 
creased the BMR to a normal level of 1.50 
1 O./24 hrs/dm?. Hypothyroid rats consumed 
about the same amount of food as the controls, and 
the final incidence of tumors was also essentially 


TABLE 1 


EFFECT OF ALTERED BASAL METABOLIC RATE ON CARCINOGENESIS IN 
RATS FED 0.06 PER CENT p-DIMETHYLAMINOAZOBENZENE* 


Naa. 
Av. FOOD BMR WES. ON DYE SuRvVIVAL TuMORS. sUR- PER 
DIET INTAKE ] O2/24 HR/DM? AT CENT 
gm/rat/day 4 11 13 15-20f 20 wks. TERM ATTERM TUMORS 

. 14.3 1.59 1.62 1.66 8/8 3 5 38 

2. Iodinated caseint 17.6 3.90 4.78 4/9 3 1 15 

3. 2-Thiouracil 13.3 1.53 1.30 1.14 8/8 6 2 75 

4. 15.2 1.57 1.68 1.63 7/7 2 5 29 

5. Iodinated casein 19.7 3.71 4.45 4/10 4 0 100 

6. 2-Thiouracil 14.7 1@ 1.99 1.17 7/7 4 3 57 

¥ 16.1 15/15 8 7 53 

8. Iodinated casein 19.7 4.20 1.678 4.02 8/20 5 3 63 

9. High vitamins 0.10 15.9 14/15 5 9 36 

per cent cystine 

10. High vitamins 0.10 20.5 4.40 1.67§ 3.80 9/20 5 + 56 

per cent cystine Iodi- 


nated casein 


* p-Dimethylaminoazobenzene (DAB) fed all groups for 20 weeks followed by 8 weeks of dye-free basal diet. 


t Groups 1-6 read at 20 weeks; groups 7-10 at 15 weeks. 


t 0.480 per cent Iodinated casein for 5 weeks followed by 15 weeks at 0.24 per cent. All other hyperthyroid rats were fed 0.24 per cent of 


iodinated casein. 
§ BMR recovery from 11th to 18th week. 


taining dye but no iodinated casein. In the hyper- 


_ thyroid rats that survived, the incidence of tumors 
4 was 63 and 56 per cent, as compared to 53 and 36 
' per cent, respectively, in the control groups (Table 
_ 1, groups 7-10). 2-Thiouracil also appeared to in- 
crease tumor formation somewhat (Table 1, groups 
' 3and 6). Others have reported a decrease of liver 


: a in rats fed both 2-thiouracil and DAB 
(7, 15). 


The effect of an altered BMR in the absence of car- 


| cinogen—During the period of interruption, the 
_ BMR of rats fed iodinated casein increased steadi- 
) ly over a 21-day period (Table 2), advancing from 
155 to 3.83 1 0,/24 hrs/dm2, an increased oxygen 
» consumption of 146 per cent. Eight days of re- 
» covery decreased the BMR to the normal level, 
| and the average increase in BMR during the dye- 
free period was approximately 75 per cent (Table 


2). Food consumption increased during hyperthy- 


roidism, and a small increase in weight was also 
| observed (Table 3, groups 2 and 6). In two sepa- 


the same as in the control groups: 20-27 per cent 
(Table 3, groups 1 and 3, 5 and 7). 

The BMR of rats fed both 0.1 per cent of iodin- 
ated casein and 0.1 per cent of PTU for 8 days was 
1.73 1 O./24 hrs/dm?, and the subsequent feeding 
of 0.1 per cent of iodinated casein with 0.02 per 
cent of PTU resulted in a BMR only slightly 
above normal (Table:2). Under these conditions 
the final incidence of liver tumors was also es- 
sentially normal (Table 3, groups 1, 4, 5, and 8). 


DestRucTION OF DAB By Liver From Rats 
witH ABNORMAL BMR’s 


Methods.—Adult male rats were fed Diet III 
plus either iodinated casein or PTU, as in the tu- 
mor experiments. In addition, one of the hyper- 
thyroid groups received a so-called “‘high vitamin 
diet”? which was like Diet III except that it con- 
tained 24 per cent of casein and 20 ug/gm each of 
riboflavin and nicotinic acid. Animals were de- 
capitated at intervals, and measurements were 
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made of the concentration of riboflavin (2, 6) in 
the liver and of the ability of liver slices to destroy 
DAB (8, 11). For certain slices the consumption of 
oxygen was measured in a conventional Warburg 
apparatus. Corresponding basal metabolic rates 
were measured on other animals from the same 
groups. 

The livers were placed on ice immediately after 
removal from the animal, and slices were prepared 
with a razor blade and 2 pieces of frosted glass 
(19); 200 mg. (wet) of the slices was added to 1.9 
ml. of Krebs-Ringer-phosphate solution contain- 


TABLE 2 


CHANGES IN BASAL METABOLIC RATE DURING 
THE PRECANCEROUS PERIOD* 


1 2 3 4 
Days  Con- “‘Hyper- 
Feeding on trol Hyper Hypo Hypo” 
sequence diet BMRf BMRt BMRt BMRt 


16+.05 1.6+.05 1.64.05 1.6+.05 


0.064 percent 12 1.55 (1.55) (1.55) (1.55) 
m' DAB 28 
Interruptedba- 4 2.19 1.21 1.53 
sals(nodye)f 5 2.57 1.25 1.56 
7 2.63 1.23 
8 1.12 1.73 
10 3.24 1.87 
14 3.40 1.15 1.77 
17 1.09 1.86 
18 1.60 3.68 
Hyper recovery 21 3.83 
Hypoand“Hy- 26 2.55 1.03 
per-Hypo”’ 27 1.96 
recovery — 28 2.12 1.08 1.74 
0.064 per cent 2 1.60 1.54 1.50 
m’' DAB 7 1.66 1.66 
28 1.53 1.50 1.50 


* Weights, food intake, and tumor data in Table 3. 


+ Basal metabolic rate, liters 02/24 hrs/dm2; each figure is an average for 
two or more animals. The reading for each animal was an average of two or 
more readings. Recovery data were obtained on the same animals which had 
shown maximum changes in BMR. 


t Drug levels fed in the period of interruption were: 

Hyper, 0.25 per cent iodinated casein (Protamone) 21 days, basal 

Hypo, 0.1 per cent 6-n-propyl-2-thiouracil (PTU) 8 days, 0.02 per 
cent PTU 18 days, basal alone 2 days. 

Hyper+Hypo, 0.1 per cent iodinated casein and 0.1 per cent PTU for 
8 days, 0.1 per cent iodinated casein and 0.02 per cent PTU for 18 
days, basal alone 2 days. 


ing 100 wg. of DAB in 0.1 ml. of ethanol (8). The 
flasks were incubated by being shaken in a water 
bath at 37°C. and the rate of dye destruction 
measured after 5 minutes of equilibration. 

The destruction of DAB by liver homogenates 
was measured by a slight modification of a pre- 
vious method (13). Homogenates were prepared 
by grinding 1 gm. of fresh liver with a Potter- 
Elvehjem pestle in ice-cold water to give a 10 per 
cent mixture, and aliquots were transferred to cold 
25-ml. Erlenmeyer flasks containing the other re- 
quired ingredients. A typical mixture contained 
the following, adjusted to pH 7.4: 0.4 ml. of ho- 


mogenate, 0.4 ml. of 0.03 m hexose diphosphate: 
0.2 ml. of 0.6 m nicotinamide, 0.1 ml. of 01 y 
MgCl, 0.4 ml. of 0.5 m KCl, 0.5 ml. of 01 , 
K.HPO.-KH,PO, buffer, and 0.1 ml. of an ethanol 
solution of DAB (60 ug.), and water to a final yo}. 
ume of 3.0 ml. Homogenate flasks were incubated 
for 30 minutes. 

The enzymatic activity in all tissue systems wa 
stopped by the addition of 0.2 ml. of 11 x KOH 
and the dye was recovered with 5 ml. of methanol 
and then extracted into 10 ml. of Skelly Solve B 
which formed a clear solution after a few minute 
of standing. A 1-ml. aliquot of this upper layer wa; 
transferred to a standardized Evelyn tube, 10 n] 
of 7 N HCl was added, and, after gentle rotation, 
the dye was transferred into the lower acid pha 
where it could be read in the Evelyn colorimeter. 
The colorimeter constant for DAB in 7 n HC|at 
515 mu was found to be 29.2. “Zero time” incuba. 
tion flasks gave recoveries of 98 to 101 per cent. 

Destruction of DAB by liver slices.—Others have 
shown that the ability of rat liver to destroy DAB 
depends on the level of riboflavin fed to the animal 
(9, 14). In the present studies, 100 mg. of liver 
slices from normal rats fed 2 ug. of riboflavin/gm 
of diet (as in the tumor studies) destroyed 13-14 
ug. of dye per hour (Tables 4 and 5); but when the 
basal diet contained 12 yg. of riboflavin/gm or 
or more, dye destruction was 20-26 yug/hour. This 
latter rate was not altered by feeding additional 
protein or other vitamins (Table 5). 

Hyperthyroidism markedly lowered the ability 
of the liver slices to destroy DAB. A decrease was 
evident after only 1 week on the hyperthyroid 
diet, while after 3 weeks slices from hyperthyroid 
rats fed Diet III destroyed only 2-3 ug. of dye/100 
mg/hour, as compared to 13—14 ug. for the control 
slices (Table 4). Hyperthyroidism likewise in- 
paired dye destruction by livers of rats fed diets 
high in riboflavin; the effect was delayed slightly 
but was equal in magnitude to that observed on 
less complete diets (Tables 4 and 5). The further 
addition to the diet of factors such as 5 per cent of 
whole liver‘ or 30 yg. of vitamin Bis/kg, which pro- 
long the lives of young hyperthyroid rats (3), like- 
wise delayed but did not prevent the loss in ability 
of the hyperthyroid liver slice to destroy DAB 
(Table 5, groups 6 and 7). 

The hyperthyroid livers contained at least a 


‘much riboflavin as livers from normal or hypo 


thyroid animals (Table 4), and they also absorbed 
approximately normal amounts of O, during the 
first 45 minutes of incubation in Krebs-Ringe™ 

3 Hexose-1,6-diphosphate regenerated from the Ba salt, 
Schwarz Laboratories, Inc., New York. 


4 Wilson Laboratories, Chicago, Ill. 
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TABLE 3 


LIVER TUMORS DUE TO m’DAB: EFFECT OF IODINATED CASEIN AND 6-n-PROPYL-2-THIOURACIL 
(PTU) DURING THE PERIOD OF INTERRUPTION 


Average wt. Food intake Average wt. Tu- Neg. 
Diet* during 0 4 on dye- 8 12 Food intake —_ Sur- mors survivors Per 
period of wks. wks. free diet wks. wks. on dye vival at at 20 at cent 
interruption (gm.) (gm.) gm/rat/day (gm.) (gm.) gm/rat/day' 12 wks. wks. 20wks. tumors 
By Control Basal 246 201 14.1 274 239 9.5 13/15 3 10 23 
4 2 Hyper I. Casein 241 186 17.2 220 228 10.7 12/15 6 6 50 
= 3 Hypo PTU 242 190 14.0 270 253 10.7 14/15 3 11 21 
Control Basal Q77 235 18.4 291 269 14.1 15/15 4 11 27 
i 6. Hyper I. Casein 278 223 21.5 249 267 12.8 12/15 6 6 50 
' 7. Hypo PTU 274 224 17.5 272 263 12.9 15/15 3 12 20 
| “Hyper-Hypo” I. Casein + 280 220 19.6 250 255 13.7 14/15 + 10 29 
PTU 


* Hyperthyroid rats fed 0.25 per cent iodinated casein for 3 wks. Recovery 1 wk. Hypothyroid rats fed 0.10 per cent 6-n-propyl-2-thiouracil for 1 wk., 
' 0.02 per cent PTU for 2} wks.; recovery 4 wk. Hyperthyroid +hypothyroid rats fed 0.1 per cent I. casein+0.1 per cent PTU for 1 wk., 0.1 per cent I. casein+ 
002 per cent PTU 23 wks. Rate of change of basal metabolic rate during “period of interruption”’ in Table 2. All groups fed 0.064 per cent m’-methy]-p-di- 
) methylami benzene (m’DAB) for 4 wks.; various basal diets for 4 wks.; 0.064 per cent m’DAB for 4 wks.; basal diet III for 8 wks. 


TABLE 4 
DAB DESTROYED BY LIVER SLICES FROM RATS WITH 
VARIOUS BASAL METABOLIC RATES* 


Days on diet 0 7 14 21 28 
ug. ug. ug. ug. ug. 
1. Control diet IIT 13.5 13-14 13.5 13-14 13-14 
2. Hyper 5-11 3-5 2-3 - 3 
3. Hypert 10-14 6-7 5-6 
4. Hypo 7-12 9 11-12 
5. “Hyper-Hypo”’ 14-15 13-15 15-16 
CORRESPONDING Liver RIBOFLAVIN VALUES, AND BMR’sf or THE Rats 
Be BMR Bo BMR Be BMR Be BMR Be BMR 
ug/gm ug/gm ug/gm ug/gm ug/gm 


. Control diet ITI 27.0 1.61 21.2 1.61 23.7 21.7 (1. 60) 
. Hyper 26.7 2.35 25.8 3.44 29.1 3.60 27.1 (3.75) 
30.8 2.23 $1.5 3.49 29 .4 3.45 

. Hypo 24.6 1.17 26.9 (1.13) 
“Hyper-Hypo” 23.9 1.85 25.8 1.88 25.7 (1.84) 
* Ranges given in ug. DAB destroyed/100 mg tissue (wet)/hr and including average values for 3 or more separate livers. 

t High casein, riboflavin, and nicotinic acid. 

t BMR values are in liters 02/24 hrs/dm?2 body surface. 

The numbers in parentheses are BMR values from previous experiments with these diets. 


Or 
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TABLE 5 


DESTRUCTION OF DAB BY LIVER SLICES FROM RATS FED DIETS THAT 
FAVOR RIBOFLAVIN RETENTION OR THAT TEND TO 
COUNTERACT HYPERTHYROIDISM 


NorRMAL 
Weights DAB destr.* Weights DAB destr.* 
WEEKS ON DIET 0 3 2 4 0 3 2 4 
(gm.) (gm.) (gm.) (gm.) 
1. 12 per cent Casein, 2 ug Bos gm 13 13 6 4 
2. 12 per cent Casein, 20 ug Bo/gm 20 26 12 5 
3. 24 per cent Casein, 2 ug B2/gm 14 16 7 6 
4 4. 24 per cent Casein, 20 ug Bo/gm 167 219 24 23 163 163 10 9 
as 5. 22 per cent Casein, 12 ug Bo/gm 166 215 23 24 163 171 12 10 
6. 22 per cent Casein, 12 ug Bo gm 165 230 26 8626 164 186 14 ii 
0 5 per cent whole liver powder 
ed a 7. 22 per cent Casein, 12 ug Be/gm  =—s_:165 240 26 25 167 198 16 10 
he Vitamin 
er- : * DAB destruction given as ug/100 mg wet weight/hr. 
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phosphate solution (12). At 60 minutes, however, 
the Qo, of the hyperthyroid slices was 4.1, as com- 
pared to 5.0 for slices from normal rats. Added glu- 
cose failed to increase either the Qo, or the ability 
of the slices to destroy dye. 

Slices from hypothyroid rats showed a some- 
what decreased rate of dye destruction (Table 4); 
those from rats receiving both iodinated casein and 
PTU destroyed the dye at a normal rate. 

Destruction of DAB by homogenates.—A system 
containing only the liver homogenate and certain 
inorganic ions failed to destroy the dye (Table 6, 
group 1), and the addition of hexose diphosphate 
(HDP) was also ineffective (Table 6, group 2). 


TABLE 6 


DESTRUCTION OF DAB BY RAT LIVER HOMOGENATES 
uG DAB DESTROYED PER FASK IN 30 MIN. 
(40 mg. Tissue Wet Wt.)* 


Supplements f Control Hyper- 
thyroid 
1. 0.003 M MgCh, 0.07 M KCl 4 3 
0.02 M Phosphate buffer (ions) (3-5) (1-4) 
2. 0.004 M Hexose diphosphate plus 4 4 
ions (1-9) (1-9) 
3. 0.04 M Nicotinamide plus ions 27 8 
(21-32) (4-10) 
4. 0.04 M Nicotinamide plus ions 20 9 
plus 0.0006 M ATP 16-28) (8-10) 
5. 0.04 M Nicotinamide plus 0.004 M 38 37 
hexose diphosphate plus ions (34-43) (33-41) 
6. 0.04 M Nicotinamide plus either 33 31 


0.04 M citrate, succinate, fumarate, 
or malate plus ions 
Liver slices . 
(ug DAB destroyed/100 mg wet 
wt/hr) 
* Range values include average dye destruction values for 3-5 separate 


livers. 
+ Molarity in final concentration. Volume of each flask maintained at 


3 ml. with distilled water. 


8 
(6-9) 


When nicotinamide and inorganic ions were added 
to a normal liver homogenate, moderate dye de- 
struction occurred, varying from 21 to 32 ug. of 
DAB per flask, but hyperthyroid homogenates 
under the same conditions destroyed only 4-10 
ug. of DAB (Table 6, group 3). The further addi- 
tion of HDP produced moderate increases in the 
destruction of dye by homogenates from normal 
livers and very marked increases by the hyperthy- 
roid homogenates (Table 5, group 5). In the pres- 
ence of HDP and nicotinamide, the destruction of 
dye was essentially equal for the two types of 
homogenates, 37-38 yg. of DAB. The further addi- 
tion of either diphosphopyridine nucleotide® or 
flavin-adenine dinucleotide® to the system used in 
group 5 did not produce significant changes in the 
rate of dye destruction. 

Citrate, succinate, fumarate, and malate, which 


5 Schwarz Laboratories, Inc., New York. 
6 Obtained from Philip Feigelson of this department. 


stimulate DAB destruction by normal liver ho- 
mogenates (13), also increased dye destruction by 
hyperthyroid homogenates (Table 6, group 6) 
Single or successive additions of adenosine ty. 
phosphate’ (ATP) in place of HDP failed to in. 
crease the destruction of dye by either control oy 
hyperthyroid homogenates. The addition of HDp 
to hyperthyroid slices also increased the rate of 
dye destruction (12), but the “hyperthyroid ef. 
fect” was not reversed as completely in the slices 
as in the homogenates. These experiments are cop. 
sistent with the view that the defect in the hyper- 
thyroid slice is in metabolizable carbohydrate 
rather than in the enzymes or coenzymes involved 
in the destruction of DAB. 


DISCUSSION 


While the present experiments show that the in- 
cidence of liver tumors may be increased by feed- 
ing 1odinated casein to suitably precancerous rats, 
they do not indicate the mechanism by which this 
is accomplished. When the hyperthyroid state is 
induced in rats receiving DAB, there are at least 
two secondary factors that favor tumor develop- 
ment: the rats eat more food and therefore more 
carcinogen, and there is a decrease in the ability 
of the liver to destroy the dye. This latter factor 
cannot be stated in exact terms, for the rate of dye 
destruction by the surviving liver slice may not 
parallel that in the living animal. Obviously, how- 
ever, any decrease in the ability of the animal to 
destroy the dye in vivo would be equivalent to ex- 
posure of the liver to more carcinogen. 

When the hyperthyroid state is induced in the 
absence of carcinogen (during the middle period), 
these particular complications are avoided. During 
the second period of dye feeding, livers from rats 
that had been hyperthyroid destroyed DAB at 
rates similar to those for rats that had remained 
normal during the middle period. But there is ar- 
other difficulty. Rats that had been hyperthyroid 
maintained their weights or increased them slight- 
ly when the carcinogen was fed for the second time 
(Table 3); ‘“‘normal’’ rats, on the other hand, lost 
weight on the second application of the dye. Thus, 
livers from the hyperthyroid groups may have 
been increasing in size while the carcinogen was 
applied, similar to the increases observed in rals 
that had been restricted in calories during a middle 
period (5). These latter rats showed an increased 
incidence of liver tumors (5) presumably because @ 
carcinogen is particularly effective when applied 
to proliferating tissue (16), and a similar mech?- 
nism might be responsible for part of the increas¢ 
in tumors in the hyperthyroid groups 2 and 6 

7 Sigma Chemical Co., St. Louis, Mo. 
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(Table 3) in the present study. However, rats that 
received amounts of propy! thiouracil and iodinat- 


ed casein during the middle period to yield a near- 


normal BMR showed weight changes very similar 
to those in the hyperthyroid groups (Table 3, 
groups 2 versus 4, 6 versus 8), yet developed the 
same number of tumors as those in the control 
sroups. The proliferative effect in the so-called 
“hyper-hypo” group must have been similar to 
that in the hyperthyroid animals which developed 


> the greater number of tumors. Hence, the possi- 


bility remains that an increased BMR may itself 
augment the processes that lead to the formation 
of liver tumors. The effect, however, is not par- 


SUMMARY 
1. Rats were fed 0.064 per cent of m’ methyl-p- 


" dimethylaminoazobenzene for 4 weeks, followed 
" by 4 weeks during which certain dye-free diets 
' were fed which altered the basal metabolic rate; 
the dye was then fed for another 4 weeks. Other 
” rats were fed 0.06 per cent of p-dimethylaminoazo- 
> benzene (DAB) for 20 weeks in diets which altered 
the BMR. 


2. Hyperthyroid animals receiving DAB usually 


- failed to survive, but the incidence of tumors in the 
survivors was high. Hyperthyroidism induced in 
' precancerous rats in the absence of azo dye also 
increased tumor incidence. Thiouracil appeared to 
' increase tumor incidence in rats fed DAB, but the 
more potent depressant, 6-n-propyl-2-thiouracil, 
' failed to affect a development of tumors when 
| given during the period of interruption. 


3. Liver slices from hyperthyroid rats destroyed 


' less than one-fourth as much DAB as slices from 
_ normal rats. Slices from rats fed high levels of ribo- 
_ flavin destroyed nearly twice as much dye as slices 
' from control rats, but when the rats which re- 
_ ceived high riboflavin were made hyperthyroid, 
» the ability to destroy the dye decreased, although 
» liver riboflavin remained high. 


4. In media containing inorganic salts and 


: nicotinamide, homogenates from normal livers de- 
» stroyed the dye at a high rate, while homogenates 


: from hyperthyroid livers failed to destroy much 


dye. Homogenates from hyperthyroid livers de- 


| Stroyed approximately normal amounts of dye 


| when hexose diphosphate was added to the 
Medium. 
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The Synthesis of 3,4-Benzpyrene-5-C™ and 


of 2-Acetylaminofluorene-9-C*t 


CHARLES HEIDELBERGER AND HELGA STRAUBE RIEKE 


(McArdle Memorial Laboratory, Medical School, University of Wisconsin, Madison 6, Wis.) 


The introduction of the tracer technic as a new 
tool for the elucidation of the metabolism of car- 
cinogens has provided an impetus for reinvestiga- 
tions and new researches in this field. The first 
compound to be so used was 1,2,5,6-dibenzan- 
thracene-9,10-C14(6), and considerable work has 
been devoted to a study of its metabolism (7-10, 
17). Shortly thereafter, 20-methylcholanthrene- 
11-C was synthesized (2), and its distribution in 
the mouse was investigated (3). 3,4-Benzpyrene is 
an extremely powerful and rapidly acting car- 
cinogenic hydrocarbon, and its chemical and bio- 
logical properties, especially its metabolic behav- 
ior, have been investigated very thoroughly. 
These studies depended on changes observed in the 
fluorescence and ultraviolet spectra during the 
course of metabolism. We decided to label this 
compound with radioactive carbon in order to 
provide a more critical test of the advantages of 
the tracer technic over optical methods than has 
been obtained with the other compounds thus far 
studied, because of the considerable body of infor- 
mation already available about the metabolism of 
benzpyrene. 

Another interesting carcinogen, 2-acetylamino- 
fluorene, has been labeled by Ray and Geiser (16), 
and its metabolism is being investigated by Morris 
and the Weisburgers (15). Because of the relatively 
low specific activity of the 2-acetylaminofluorene- 
9-C4 prepared by Ray and Geiser, it seemed im- 
portant to us to undertake the preparation of the 
compound with considerably higher specific ac- 
tivity, so that certain projected metabolic experi- 
ments might be undertaken. The synthetic scheme 
of Ray and Geiser (16) was followed, but the im- 
provement in yield in several of the steps was so 
significant that we are prompted to report the re- 
sults of our synthesis at the present time. 


* An abstract of part of this report appeared in Cancer 
Research, 11: 255, 1951. 


} This work was supported in part by a grant from the 
Wisconsin Section of the American Cancer Society. 


Received for publication April 26, 1951. 
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The synthesis of 3,4-benzpyrene-5-C™ was cay. 
ried out by the method of Fieser and Hershberg 
(5), and with the yields indicated: 


Synthesis of 3,4-Benzpyrene-5-c!4 


NaCl Zn 
oP 
89% 42% Crude 


29% Pure 
Overall yield = 224 


Considerable experimentation was required to 
perfect conditions for the synthesis on a small scale 
before the requirements of high yields, conditional 
for high specific activity, could be met. It was 
shown that the conditions for each reaction must 
be controlled very carefully, as specified in the ex- 
perimental descriptions. Furthermore, the starting 
material, perinaphthane, had to be carefully pur- 
fied before it was suitable for use in the subsequent 
reactions. This compound was prepared by cata- 
lytic hydrogenation of perinaphthanone-7, which 
was synthesized by the method of Fieser and 
Gates (4). This reduction has not been previously 
carried out, since Fieser and Hershberg (5) pre- 
pared the perinaphthane by catalytic hydrogena- 
tion of perinaphthenone. This represents a sig- 
nificant improvement, since higher yields are ob- 
tained by this procedure, both in the synthesis of 
the perinaphthanone and in its hydrogenation, 
than by the earlier method (5). maa 

Because small amounts of highly radioactive 
impurities cannot be tolerated in tracer exper 
ments, it was necessary to purify the benzpyren 
with great care. It was found that distillation, 
chromatography twice on activated alumina, and 
crystallization were required before the carcinogen 
was obtained sufficiently pure for the metabolic 
experiments. | 
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EXPERIMENTAL 


3,4-BENZPYRENE-5-C!4 


Benzoie benzoic 


acid was prepared by carbonation of phenyl mag- 
 nesium bromide, as described in “Isotopic Car- 
bon,” p. 180 (1). The Grignard reagent, prepared 
from 0.6 gm. of magnesium and 3.9 gm. of bromo- 
benzene in anhydrous ether, was shown by titra- 
a tion to contain 0.63 millimoles per milliliter. The 
carbonation reaction was carried out with 20 ml. 
- (12.8 mm) of Grignard reagent and 1.953 gm. 
. (10.0 mm) of barium carbonate containing 7 me. 
of radioactivity. After hydrolysis, the ethereal 
solution was exhaustively extracted with dilute 
NaOH, the aqueous layer washed with ether, acidi- 
fied, extracted with ether and re-extracted with a 
small volume of NaOH. On acidification of the hot 
solution, followed by cooling and filtration, 1.036 
' gm. of benzoic acid was obtained. The mother 
' liquor was extracted with ether, and the ether 
- layer extracted with alkali. On acidification, an 
' additional 103 mg. was obtained. Total yield: 
| 1.139 gm. (94 per cent), m.p. 119°-121°. 


Benzoyl chloride-carbonyl-C'4.—Purified thionyl 


chloride, 1.8 ml. (25 mm) was added to a solution 
_ of the benzoic acid in 10 ml. of anhydrous benzene, 
' and the mixture was refluxed on the steam bath 
_ for 3 hours, by which time the evolution of hydro- 
- gen chloride had ceased. After removal of the ben- 
zene in vacuo, the thionyl chloride was completely 
_ eliminated by two successive additions and vacu- 
' um distillations of benzene. Finally, the benzoyl 
' chloride was distilled in vacuo, and a yield of 1.126 
_ gm. (87 per cent) of colorless benzoy] chloride was 
obtained. 


Perinaphthane.—Perinaphthanone-7 was pre- 


_ pared by the method of Fieser and Gates (4) and 
_ was hydrogenated in the Parr apparatus at 2 at- 
_ mospheres over a 30 per cent palladium-on-char- 
coal catalyst (14). Attempted reductions by the 
Wolff-Kischner (11) and Clemmensen procedures 
_ led either to intractible tars or to perinaphthanol- 


7. The solvent used was acetic acid containing 


4 small amount of perchloric acid as an activa- 
| tor (12). In a typical experiment, to a solution 
of 2 gm. of recrystallized perinaphthanone-7 in 
| % ml. of glacial acetic acid were added 1 gm. 
of catalyst and 2 ml. of 70 per cent perchloric 
| acid. The hydrogenation was complete in 2 hours. 


The catalyst was filtered, the acetic acid distilled 


| in vacuo, and the product was distilled. A yellow- 


ish after-run (perinaphthanol) was obtained, and 


_ the main product distilled at 80°-85° at 0.1 mm.; a 


considerable tarry residue remained. The peri- 
naphthane fraction was crystallized 3 times from 


dilute methanol, and a yield of 0.851 gm. (46 
per cent) of large colorless leaflets was obtained. 
The melting point of the pure compound is 
68.5°-69.0°. (Fieser and Hershberg [5] report 
65°-65.5°.) The picrate (orange-red needles from 
methanol) melts at 150°-151°, the trinitrobenzo- 
ate (yellow needles from methanol) melts at 158°- 
159°, in agreement with the literature (5). 
3-Benzoylperinaphthane-carbonyl-C'*.—The Per- 
rier complex was prepared by the slow addition of 
1.078 gm. of fresh aluminum chloride to 1.126 gm. 
of the labeled benzoyl] chloride. During the addi- 
tion the mixture was warmed and finally heated 
gently over a free flame until all solid particles had 
disappeared. A solution of purple melt in 15 ml. of 
carbon disulfide was added slowly from a warmed 
separatory funnel to a warm solution of 1.295 gm. 
of perinaphthane in 5 ml. of carbon disulfide. The 
mixture was refluxed gently for $ hour, and the 
cooled solution was decomposed with ice and di- 
lute hydrochloric acid. Following evaporation of 
the carbon disulfide, the oily ketone was extracted 
thoroughly into ether and was then washed several 
times with water and dried. The ether was evapo- 
rated on the steam bath, and the residue was sub- 
jected to short-path distillation (““Kugelrohr’’) in 
vacuo. A small fore-run was collected, the main 
product distilled at 160°-180° at 0.01 mm., and 
was immediately redistilled. A yield of 1.92 gm. 
(89 per cent) of light-yellow, viscous, oily ketone 
was obtained. This material was sufficiently pure 
to be used directly in the succeeding steps of the 
synthesis. The oil could be crystallized from pe- 
troleum ether and melted at 62°-63°. 
3,4-Benzpyrene-5-C™4.—A melt was made from a 
mixture of 10.15 gm. of fresh aluminum chloride 
and 2.92 gm. of anhydrous sodium chloride, and 
poured onto 1.92 gm. of the radioactive benzoyl- 
perinaphthane in a 25-cce. Erlenmeyer flask. The 
flask was stoppered loosely and heated in an oil 
bath for 3 hours at 130°-140° and for 2 more hours 
at 145°-150°. The reaction mixture was decom- 
posed with ice and dilute hydrochloric acid, and 
the brown product was filtered, washed with wa- 
ter, and collected. Considerable effort and care were 
required in order to effect complete decomposition. 
It was necessary to scrape the flask contents with 
a spatula to insure contact of the aqueous phase 
with the gummy solid. Rubber gloves were worn 
during these manipulations. During the filtration 
a small amount of dark brown oil passed through 
the paper and was discarded, since it had been 
shown in practice experiments that it was not con- 
verted into benzpyrene. 
The solid product and the filter paper were 
thoroughly macerated and transferred to a small 
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distillation flask with a wide path to a sealed-on 
receiver. Once in the flask, it was mixed with 31.8 
gm. of zinc dust. The flask was placed in a salt 
bath with the receiver insulated from the electrical 
heat source by a Masonite screen. The reaction 
mixture was heated to a very high temperature, 
and the benzpyrene was distilled rapidly into the 
receiver, which was cooled with wet cotton. The 
temperature necessary was greater than 600°, and 
the distillation was usually complete in 20 min- 
utes. Further heating or attempted vacuum dis- 
tillation failed to increase the yield. If the distilla- 
tion was carried at too low a temperature or too 
slowly, a decreased yield was obtained. 

The orange-brown product was dissolved in a 
small amount of benzene and chromatographed 
immediately on a 2.5 X40 em. column of activated 
alumina. The solvent mixture was 1:1 purified 
benzene and ligroin (Skellysolve B). Because of the 
light-sensitivity of benzpyrene, the chromatog- 
raphy was carried out in darkness and the progress 
determined by occasional short examinations with 
an ultraviolet lamp. A band of yellow-fluorescent 
impurities was eluted first, followed by the benz- 
pyrene (blue-fluorescent). A large band of yellow- 
fluorescent impurities remaining on the column 
was eluted with alcohol. When the two yellow im- 
purities were recovered from the solvents and sub- 
jected to zinc dust distillation in the same way as 
before, a small amount of additional benzpyrene 
could be obtained. 

The benzpyrene fraction was evaporated to dry- 
ness at 35° in vacuo and in darkness. The yield of 
yellow powdery benzpyrene was 745 mg., 42 per 
cent, m.p. 168°-171°. This benzpyrene was not 
sufficiently pure for metabolic studies, and further 
purification was achieved by additional chroma- 
tography. 

Because of the sensitivity of benzpyrene to pho- 
to-oxidation, the final purification was carried out 
on 30-mg. batches as often as the pure compound 
was required for metabolic experiments. Chroma- 
tography was again run on a 1X20 cm. column 
of activated alumina in darkness in 10 per cent 
benzene in Skelly B as solvent. The solvents were 
purified by extraction with concentrated sulfuric 
acid, washing with water, drying over sodium sul- 
fate, and finally by distillation from sodium. The 
benzpyrene fraction was cut sharply and concen- 
trated in vacuo as before. The residue was dissolved 
in ethanol, precipitated by the addition of water, 
and was filtered and dried. 

The product obtained in 70 per cent yield was 
crystalline, very faintly yellow in color, m.p. 177°- 
178°. Its ultraviolet absorption spectrum was iden- 
tical with that of the purest available sample of 


benzpyrene, and is considered to be pure enoy h 
for use in metabolic studies. The over-al] viel 
based on h«irium carbonate was 22 per cent. The 
specific radioactivity obtained by combustion ; 
2.8 ue. per milligram. 


2- ACETYLAMINOFLUORENE-9-Cl4 
Diphenyl-2-carboxylic acid-C'*.~—The Grignard 
reagent was prepared from 0.24 gm. of magnesium 
40 ml. of anhydrous ether, and 2.7 gm. of 0-iododi. 
phenyl. The reaction started easily, and was con. 
plete after heating on the steam bath for 30 mip. 
utes. The reaction mixture was titrated and cop. 
tained 0.34 mm per milliliter. 
The carbonation reaction was carried out on the 
vacuum line as described in “Isotopic Carbon,” 
p. 178 (1). To 10 ml. of anhydrous benzene, placed 
in the carbonation flask, was added 16 nl. (5.5 
mM) of the Grignard reagent solution. The car. 
bonation was run at 0° with 985 mg. (5.0 mw) of 
barium carbonate containing 5 me. of radioactivi- 
ty. After hydrolysis, the product was isolated by 
evaporation of the solvent, solution in hot xy 
NaOH, and filtration. The filtrate was cooled, 
acidified, filtered, and the solid was collected and 
dried. The yield of colorless carboxylic acid was 
794 mg. (85 per cent), m.p. 104°-107°. Ray and 
Geiser (16) reported a yield of 60 per cent. The 
specific activity was 5.1 ue. per milligram. 
Fluorenone-9-C'*.—The ring closure was car- 
ried out in sulfuric acid solution, but it was found 
that the yield was considerably improved by the 
use of 80 per cent instead of concentrated sulfuric 
acid. To 2.2 ml. of sulfuric acid containing 0.4 ml. 
of water was added 794 mg. of dipheny] carboxylic 
acid, the mixture was heated at 85° for 3 hour, and 
poured onto ice and water. The greenish-yellow 
product was collected by filtration to give 713 mg. 
(99 per cent) of fluorenone-9-C™ (Ray and Geiser 
[16], 88 per cent). 
Fluorene-9-C'.—A considerable improvement 
in yield was obtained when the Clemmensen re- 
duction (16) was replaced by the modified Wolf 
Kischner reaction (11). A mixture of 713 mg. of 
fluorenone, 0.51 gm. of KOH pellets, 5 ml. of di 
ethylene glycol, and 0.7 ml. of 85 per cent hydra- 
zine hydrate was refluxed for 3 hours. The solution 
was a deep purple at first and gradually cleared 
and became almost colorless. The solution was 
cooled, poured into water, and the solid was il 
tered and dried. The yield of slightly darkish 
fluorene was 598 mg. (92 per cent) (Ray and 
Geiser [16], 70 per cent). 
2-Nitrofluorene-9-C'4.—The fluorene was nitrat- 
ed as described in “Organic Syntheses” (1) and 
by Ray and Geiser (16). A yield of 523 mg. (71 per 
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cent), m.p. 156°-158° was obtained (Ray and 
Geiser [16], 79 per cent). 
nitro compound 
was reduced as described in “Organic Syntheses” 
(10) and by Ray and Geiser (16). The product was 
crystallized from water, and 410 mg. (94 per cent) 
of colorless product, m.p. 125°-127° was obtained 
(Ray and Geiser [16], 90 per cent). . 
9-Acetylaminofluorene-9-C'.—The acetylation 
was carried out by the procedure of Ray and 
Geiser (16) on 355 mg. of aminofluorene, and 
403 mg. (97 per cent) of recrystallized product, 
m.p. 193°-194°, was obtained (Ray and Geiser 


' [16], 84 per cent). Thus, the over-all yield, based 


on barium carbonate, in this sequence of reactions 


' is 50 percent. (Ray and Geiser’s [16] over-all yield 


ona larger scale synthesis was 22 per cent.) 

The specific activity of the product, as deter- 
mined by combustion, was 4.55 ye. per milligram. 
The calculated specific activity of Ray and 
Geiser’s product was 0.30 ue. per milligram. 


SUMMARY 


The syntheses of two radioactive carcinogens of 
high specific activity are described in detail. 

3,4-Benzpyrene-5-C™, specific activity 2.8 uc. 
per milligram, was obtained in over-all yield of 22 
per cent, based on barium carbonate. 

2-Acetylaminofluorene-9-C4, specific activity 
4.55 we. per milligram, was obtained in over-all 
vield of 50 per cent, based on barium carbonate. 
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Intrinsic [issue Response to Induction of Pulmonary Tumors’ 


Joyce R. SHapirrof AND ARTHUR KirscHBAUM ft 


(Department of Anatomy, School of Medicine, University of Minnesota, Minneapolis 14, Minn.) 


The objective of the present investigation was 
to contribute toward determining the degree to 
which susceptibility and resistance to carcinogenic 
action are intrinsic within target tissue, and the 
extent to which host factors determine tissue re- 
action. The target tissue investigated was lung; 
the carcinogen used was urethan. 


PRELIMINARY EXPERIMENT 


Lung tumors have been induced in several 
strains of mice by carcinogenic hydrocarbons (1, 
2, 11, 17, 20, 21, 25), miscellaneous chemical 


TABLE 1 


INCIDENCE OF URETHAN-INDUCED PULMONARY 
ADENOMAS IN SEVEN STRAINS OF MICE 


No. No. of 
No. of _ with Per nodules 
Strain mice tumors cent (Range) 
Bagg albino 25 25 100 1-18 (10)* 
Strong A 23 23 100 5-23 (15) 
CBA 25 24 96 1-9 (4) 
NH 23 23 100 2-15 (7) 
DBA 55 9 16 1-4 (2) 
FB 25 3 12 1-3 (1) 
FA 28 0 0 0 
Bagg XDBA-F; 33 $s 100 5-20 (8) 


* Numbers in parentheses represent number of nodules most 
frequently observed in the strain. 


agents (4, 5, 12), and x-rays (7, 13, 14). By far 
the most effective method of inducing lung tumors 
in mice, administration of urethan, was discovered 
by Nettleship and Henshaw in 1943 (22). In most 
strains tested for their response to urethan, 100 
per cent of the injected mice developed primary 
pulmonary adenomas, some as early as 3 months 
after initiation of treatment (6, 9, 10, 23, 24). In 
all animals the lung was the specific target organ 
for the carcinogenic action, the incidence of other 
tumors not being significantly increased. 


* This investigation has been aided by a grant from the 
National Cancer Institute. 


+ Submitted in partial fulfillment of the requirements for 
the degree of Master of Science at the University of Minnesota. 


t Present address: Department of Anatomy, College of 
Medicine, University of Illinois, Chicago 12, III. 
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Procedure.—Twenty-five mice from each of 
several strains, CBA, Bagg albino, Strong \. 
DBA, FB, FA, and NH, were tested with urethay 
to determine their relative susceptibility and re. 
sistance to pulmonary carcinogenesis. It has been 
reported that a direct correlation exists between 
the incidence of spontaneous and carcinogenic 
hydrocarbon-induced lung tumors—that is, strains 
with a high rather than a low spontaneous inci- 
dence are more susceptible to the carcinogenic 
induction of lung tumors (8, 11, 15-18, 25). In 
this preliminary experiment, seven strains of mice 
were tested to determine whether a similar cor- 
relation exists with urethan as the inciting agent. 

Anesthetic doses of urethan (1 mg/gm body 
weight in 10 per cent aqueous solution) were ad- 
ministered intraperitoneally once a week for 6 
weeks, starting when the animals were 70 days of 
age. Mice of each strain were examined at autopsy 
at intervals of 6, 7, 8, and 9 months after the 
beginning of treatment. Lungs were removed and 
examined for nodules visible to the naked eye. 
Nodules were counted, samples fixed in Zenker’s 
fixative, and paraffin sections were made for 
microscopic verification of gross diagnosis. Where 
no nodules appeared grossly, lungs were sectioned 
at several levels, although not serially. 

Results —With the exception of the NH strain 
of mice, positive correlation was obtained between 
the spontaneous, carcinogenic hydrocarbon and 
urethan-induced incidences of lung tumors. Of 
the seven strains of mice treated with urethan, 
four were highly susceptible to its lung tumor- 
inciting action (Table 1). In the order of their 
response they were the Strong A (100 per cent 
incidence, average of fifteen nodules), the Bagg 
albino (100 per cent incidence, average of ten 
nodules), the NH (100 per cent, average of sevel 
nodules), and the CBA (96 per cent, average of 
four nodules). Of these four strains, only the NH 
has a very low spontaneous incidence, and induced 
lung tumors in 100 per cent of the injected animals 
might not have been anticipated. Methylchol- 
anthrene has also been reported to increase the 
incidence of lung tumors in the Strong A (8, 25), 
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Bagg albino (19), and CBA strains,! the NH not 
having been tested for its response. 

Three strains were refractory to the induction 
of lung tumors with urethan. The DBA was rela- 
tively resistant (16 per cent incidence), as it is to 
methylcholanthrene (7 per cent incidence). The 
spontaneous incidence was also very low. The FA 


and FB strains (genetically related to one another. 


and to the F strain of mice) might be considered 
a special group, since their response to urethan 
appears to be inflammatory rather than neo- 
plastic (Fig. 9). Their spontaneous incidence was 
also very low; response to methylcholanthrene has 
not been determined. 


MATERIALS AND METHODS 


Preliminary experiments revealed that the 
DBA was a good choice for a strain resistant and 
the Bagg albino for a strain susceptible to the 
carcinogenic action of urethan. 

Bagg albino mice (100 per cent incidence of 
urethan-induced lung tumors) were mated to 
DBA mice (16 per cent incidence) to obtain F; 
hybrid offspring. Approximately one-half of the 
experimental animals were from Bagg albino 
maleX DBA female matings and the others from 
the reciprocal cross. Hybrids injected with urethan 
responded as did the Bagg albino parent—that is, 
100 per cent developed lung tumors (Table 1). 

When the hybrids reached 70 days of age, 
pulmonary tissue was grafted into their ears. Lung 
tissue from 1-day-old Bagg albino litters was 
grafted into the left ear of the hybrid, and similar 
tissue from DBA litters was grafted into the right 
ears of the same animals. Small subcutaneous 
pockets were made into the host’s ear (by employ- 
ing iridectomy scissors and fine forceps), into 
which the small pieces of lung tissue were forced. 
The most successful grafts were made with a piece 
of tissue about 2 mm. in diameter. With larger 
pieces necrosis of the ear resulted. Within 1 week 
the incision was healed, and within 2 weeks the 
grafts were well vascularized. 

Fifty-nine mice were operated upon. One week 
alter the grafting was completed, 27 mice takén 
at random were placed on experiment, while the 
remainder were kept as controls. Experimental 
animals were injected with a solution of 10 per 
cent urethan (1 mg/gm body weight) once a week 
for 6 weeks. All mice were killed 8-13 months 
later. All ear grafts were fixed in Zenker’s solution 
and sectioned serially, unless the presence of a 
tumor in the graft was obvious, in which case 
sections were made only to confirm the gross 
diagnosis. 


' A. Kirschbaum, unpublished data. 


RESULTS 


Bagg albino tissue residing in injected hosts.— 
It was generally noted that the Bagg albino lung 
tissue grew more rapidly and attained a larger 
size than did DBA lung tissue residing in the same 
host. Of 27 Bagg albino transplants, 8 regressed 
within 1 month and were excluded from the data. 
Two hybrids died 5 months after the experimental 
procedure (grafting and injection) had been com- 
pleted and were not available for autopsy. 

Nine of the seventeen ear grafts were obviously 
tumorous (Table 2). In some cases nodules 1-2 
mm. in diameter were visible under the skin of the 
ear. In one instance the tumor had attained a size 
of 5 mm. (Fig. 1). In some grafts the presence of 


TABLE 2 


INCIDENCE OF ADENOMAS INDUCED BY URE- 
THAN IN BAGG ALBINO LUNG TISSUE 
GRAFTED TO EARS OF HYBRIDS 


Mouse Months Gross Microscopic 
no. in ear diagnosis diagnosis 
254 13 
255 13 ++ 
256 13 ++ ++ 
252 12 
243 ll 
294 11 ++ ++ 
306 ll 
296 10 
356 10 ++ >> 
358 10 ++ ++ 
295 9 ++ 
297 9 ++ Tr? 
299 9 ++ ++ 
354 9 _ ++ 
355 9 ++ +t? 
357 9 ++ ++ 
258 8 + ++ 
Total number Total number 
of mice: 17 with tumors: 12 


* Death from pneumonia, no sections obtained. 


a tumor was not apparent until the ear had been 
removed and the graft dissected out. In three 
additional instances adenomas were demonstrated 
by examination of serial sections of the grafts. 
Thus, urethan induced pulmonary adenomas in 
76 per cent of the susceptible Bagg albino lung 
tissue grafts present within a susceptible host. 

Microscopically, the adenomas were well de- 
veloped and identical histologically with those 
found in the lungs 2n situ of animals injected with 
urethan (compare Figs. 2 and 3, 4 and 5). Some 
areas contained phagocytes with hemosiderin in 
association with accumulations of lymphocytes 
(Fig. 8). In some cases the tissue resembled atelec- 
tatic lung. 

DBA tissue residing in injected hosts——The 
right ear of the F; hybrids contained the DBA 
lung tissue. Of 27 DBA grafts, 8 regressed and 
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were excluded from the data. The 8 failures of both 
the Bagg albino and DBA tissues were not, how- 
ever, found in the same hybrid host. At the 
termination of the experiment the DBA grafts 
studied were in general smaller than the Bagg 
albino. All grafts less than 1 mm. in diameter were 
excluded from microscopic study. None was ob- 
served grossly to contain tumors (Table 3). 
Microscopically, however, it was noted that one 
graft had a small well formed adenoma (Fig. 7). 
The grafted DBA tissue resembled the Bagg 
albino tissue histologically in all respects, except 
for the lower incidence of induced lung tumors. 
An incidence of only 6 per cent (one out of 


TABLE 3 


INCIDENCE OF ADENOMAS INDUCED BY 
URETHAN IN DBA LUNG TISSUE 
GRAFTED TO EARS 


Mouse Months Gross Microscopic 
no. in ear diagnosis diagnosis 
255 13 
256 13 
245 13 
246 13 
247 13 
252 12 
243 
294 
306 
296 10 
356 10 
358 10 
297 9 
354 9 
355 9 
357 9 


Total number Total number 
of mice: 17 with tumors: 1 


* Death from pneumonia, no sections obtained. 


seventeen cases) was obtained in DBA lung tissue 
residing in a host susceptible to the lung tumor- 
inciting action of urethan. 

Ear-grafted animals not treated with urethan.— 
Thirty-two animals were set aside with ear grafts 
but were given no treatment with urethan. Five 
animals were excluded because of premature 
death. Of the remaining animals, 25 retained 
viable Bagg albino lung tissue grafts during the 
entire experimental period of observation; 16 DBA 
grafts remained viable. Animals were killed 11—13 
months after the grafts were transplanted; serial 
sections of the grafts were made. One Bagg albino 
graft had a tumor which might have been induced 
by transplantation per se but which probably 
represents a spontaneous occurrence (1 per cent 
incidence of spontaneous lung tumors in Bagg 
albinos before 400 days of age). The grafted 
tissue was well maintained and identifiable histo- 
logically as lung (Figs. 6 and 8). 


DISCUSSION 


The ear as a site for transplantation of lung 
tissue proved very favorable. The majority of 
transplants became established readily, grew, an 
were histologically pulmonary in character (Figs, 
6 and 8). The hybrid host was highly susceptible 
to the lung tumor-inciting action of urethan and 
‘supported the growth of tissue from the ty) 
parent stocks. Urethan diffuses throughout the 
body, assuring adequate exposure of the grafted 
tissue to carcinogenic action. The 76 per cent inci. 
dence of lung tumors obtained in the Bagg albino 
lung tissue indicates a high susceptibility of the 
grafts to the carcinogenic action of urethan, es. 
pecially when one considers the relatively small 
amount of tissue acted upon. It seems logical to 
suppose that, were it possible to have grafted the 
entire lung into the ear, a 100 per cent incidence 
would have been observed. DBA tissue grafted 
into the ears of the same hosts reacted to urethan 
as does tissue of this genetic type in its natural 
environment—that is, within a genetically re- 
sistant DBA host. 

It can be concluded that the intrinsic capacity 
of pulmonary tissue to respond to the carcinogenic 
action of urethan was manifest in tissue grafts. 
DBA pulmonary tissue maintained its resistance, 
although residing in a susceptible host during ex- 
posure to the carcinogenic chemical. Pulmonary 
tumors were induced in susceptible Bagg albino 
grafts under identical conditions. 


SUMMARY 


Bagg albino (susceptible to the induction of 
pulmonary tumors by urethan) and DBA (re- 
sistant) mice were mated to obtain F; hybrids 
(susceptible). Lung tissue from 1-day-old mice of 
each of the parent strains was transplanted to the 
left and right ears, respectively, of the hybrids. 
Hosts were then injected with urethan. Although 
the two types of lung tissue grafts were in genet- 
ically identical hosts, twelve out of seventeen 
grafted Bagg albino lungs became _ tumorous, 
whereas only one out of seventeen DBA grafts 
exhibited a tumor. It has been determined, there- 
fore, that susceptibility and resistance to the 
carcinogenic action of urethan on the lung are 
intrinsic properties of the target pulmonary tssue 
and that the host does not determine this reaction. 
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Fic. 1.—Urethan-induced pulmonary adenoma in Bagg 
albino ear graft (left ear). Tumor, 5 mm. in diameter, exhibited 
histologic structure illustrated in Figure 3. X 1}. 


Fic. 2.—Histologic structure of pulmonary adenoma in- 
duced by urethan and appearing in situ. Composed of closely 
packed, alveolar-like, cuboidal epithelial whorls with relatively 
little fibrous stroma. 350. 


Fic. 3.—Section of pulmonary adenoma induced in Bagg 
albino ear graft. Structure identical with that of urethan-in- 
duced adenoma developing 77 situ. X350. 


Fic. 4.—Urethan-induced pulmonary adenoma which de- 
veloped in lung of Bagg albino X DBA F;, hybrid. 45. 


Fic. 5.—Urethan-induced pulmonary adenoma developing 
in Bagg albino pulmonary tissue graft. 45. 


Fic. 6.—Bronchiolar epithelium within pulmonary tissue 
graft 13 months after grafting. Section indicates normal ap- 
pearance of such epithelium. 650. 


Fic. 7.—In upper portion of this section is a circumscribed 
pulmonary adenoma which developed in a pulmonary graft 
of DBA tissue residing in a susceptible F, hybrid. This is the 
only instance in seventeen where a tumor developed in resistant 
tissue within a susceptible host. Histologic appearance of grafted 
pulmonary tissue is well shown in lower portion of section. 
Alveoli contain hemosiderin. X 45. 


Fic. 8.—Section of pulmonary tissue graft 13 months after 
grafting. Pulmonary alveoli normal, blood-filled capillaries 
present in interalveolar septa, hemosiderin in alveoli, phago- 
cytes filled with hemosiderin present. 350. 


Fic. 9.—Inflammatory nodules in lung of FA mouse treated 
with urethan. Nodules of this type are not neoplastic and are 
to be distinguished from nodules whose histologic structure is 
shown in Figures 2 and 3. Leukocytic infiltration and squa- 
mous-like cells present. * 350. 
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Studies on the Mechanisms of Metastasis. The Distribution 


of Tumors in Various Organs in Relation to the 
Distribution of Arterial Emboli* 


Dae R. Coman, Rosert P. pELonc, AnD Morton 


(Department of Pathology, University of Pennsylvania School of Medicine, Philadelphia, Pa.) 


The experiments reported in this paper were de- 
signed to answer the question: Why are secondary 
tumors common in some organs and rare in others? 
Metastatic tumors in man, in Willis’ series (8), 
are most frequent in lungs, liver, bones, kidneys, 
adrenals, in that order, with spleen and muscle 
near the bottom of the list. 

Two explanations have been advanced to ac- 
count for the different frequencies with which 
various organs are sites of secondary tumors: one 
proposes that the differences in frequency depend 
on local chemical conditions in the several organs 
that render them either more or less suitable for 
maintaining tumor growth. This explanation is 
known as the “soil” hypothesis. The second hy- 
pothesis explains the distribution of metastases as 
being due to mechanical factors such as blood sup- 
ply—that is, the chance of tumor emboli lodging 
in a certain organ. 

This latter hypothesis, which is tested in the 
present experiments, may be stated as follows: the 
number of metastatic tumors in an organ is pro- 
portional to the number of tumor emboli reaching 
and lodging in that organ. If experimental results 
are consistent with this explanation, the “‘soil”’ hy- 
pothesis would be rendered unnecessary. 

As regards the predominance of lungs, liver, 
and bones, i.e., skeletal axis, as sites of metastasis, 
there can be little doubt that a satisfactory expla- 
nation is offered by the mechanical hypothesis. 
The greatest number of tumor emboli, as they are 
transported by systemic veins or lymph ducts, 
lodge in the lungs. Somewhat fewer but still very 
numerous emboli are transported to the liver, and, 
as reported by the present writers, great numbers 
of tumor emboli may be carried by the paraverte- 
bral venous system to the bones of the vertebral 

* This work was supported by a grant from the Division of 
Research Grants,and Fellowships of the National Institutes of 
Health, Public Health Service. 
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column, shoulder-girdle, and pelvis. Thus, the 
areas into which the principal veins drain receive 
the greatest number of emboli and therefore have 
the greatest number of secondary tumors, as would 
be predicted by the mechanical hypothesis. 

It remains to consider the arteries as a pathway 
for dissemination. The arteries carry emboli origi- 
nating in primary or secondary tumors of the 
lungs and also emboli that pass through the lungs. 
Most of the orgais, such as kidneys, muscle, 
spleen, adrenals, receive their emboli through the 
arteries, yet the resulting metastases vary greatly 
in number: kidneys and adrenals are frequent sites 
of secondary tumors, but these are comparatively 
rare in spleen, muscle, and thyroid. If it could be 
shown that far more embolic tumor cells lodge in 
kidneys and adrenals than in spleen, muscle, and 
thyroid, the mechanical theory would be strongly 
supported. Obviously, the necessary data cannot 
be obtained from human material but can be ac- 
quired from experimental animals as described 


below. 


MATERIALS AND METHODS 


The tumor selected for this investigation was 
the Brown-Pearce rabbit tumor. In the first part 
of the experiment, a suspension of cells was pre- 
pared by forcing tumor tissue through a sieve. In 
order to recognize these cells in tissue sections, 
they were fixed in formalin and stained with iron 
hematoxylin. The cells were suspended in salt so- 
lution, and 0.8 cc. was injected into the left side of 
the heart. The animal was sacrificed after 1-3 
minutes, and sections were prepared from a num- 
ber of organs and stained with eosin. Through the 
microscope the tumor cells appeared dark blue 
against a pink background. The number of single, 
stained tumor cells and the number of clumps of 
stained cells were counted in several sections from 
each organ, and their distribution, whether 10 
capillaries or arterioles, was noted. The areas of 
the sections were measured with a planimeter, an 
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the result was expressed as cells and clumps of 
cells per square centimeter. 

In the second part of the experiment, another 
set of rabbits was similarly injected with suspen- 
sions of tumor cells that were living. These animals 
were sacrificed after 1-3 weeks. At autopsy the 
organs were examined for grossly visible tumors. 
Sections were stained with hematoxylin and eosin, 
and the tumors were counted and expressed as 
number per square centimeter. 

From 20 to 23 animals were used in each series. 
The organs selected as usually receiving emboli 
through arteries were adrenals, diaphragm, iris, 
kidney, masseter muscle, pituitary, spleen, testis, 
and thyroid gland. 


TABLE 1 


DISTRIBUTION OF STAINED CELLS COM- 
PARED TO DISTRIBUTION 


OF TUMORS 
(Emboli in Capillaries and Arterioles) 
Stained cells Tumors 
(per (per 
sq. cm.) sq. cm.) 
Iris 160.9 Confluent 
Pituitary 101.2 Confluent 
Adrenal 49.3 117.1 
Kidney 40 .4 99.1 
Spleen 26.3 0.1 
Thyroid 25.8 1.1 
Testis 13.0 2.6 
Diaphragm 8.0 2.7 
Masseter 2.6 a8 


When the number of stained cells per sq. centimeter 
is counted in both capillaries and arterioles, correlation 
between distribution of stained cells and of tumors in the 
several organs is fair, but not so many tumors were found 
in the spleen and thyroid as would be predicted from the 
number of stained cells in those organs. 


According to the mechanical hypothesis, the 
distribution of tumors should be proportional to 
the relative number of emboli in the several or- 
gans. 


RESULTS 


From the data thus obtained, the number of tu- 
mors per unit area may be compared with the num- 
ber of emboli per unit area in the several organs. 

This comparison is made in Table 1. It may be 
observed that there are great differences in the 
number of tumors in the several organs. In iris and 
pituitary, the tumors were so numerous that they 
could not be counted, while in spleen, thyroid, and 
muscle they were very few. When the frequency 
distribution of tumors is compared with that of 
stained cells lodging in both capillaries and arteri- 
oles, a fair agreement is observed; yet there are 
discrepancies: fewer tumors occurred in the thy- 
rold and spleen than would be expected from the 
number of emboli. These discrepancies disappear, 
however, when only those stained cells are counted 


that lodged in capillaries (Table 2). The agreement 
is now excellent. 

From these observations it appears evident that 
embolic tumor cells are more likely to establish 
themselves and form new tumors if they lodge in 
capillaries than if they are arrested in arterioles. 
This probability is strongly supported in the pres- 
ent experiments by microscopic examination of 
very early tumors. These appear to have arisen al- 
most invariably in capillaries. Thus, in the kid- 
ney, young tumors were very numerous and oc- 
curred nearly always in the glomeruli, taking their 
origin from cells in glomerular capillary loops or 
from the distal end of the afferent arteriole where 
the arteriole breaks up into capillaries (Figs. 1 and 
2). A similar origin of minute tumors, from capil- 
laries or sinusoids rather than from arterioles, 
could be recognized in all the organs included in 
this series. 

Brown-Pearce tumor cells seem to have diffi- 
culty in penetrating the walls of arterioles and 
forming new tumors. Consequently, such organs as 
spleen (Fig. 3) and thyroid, in which, presumably 
for mechanical reasons, embolic cells are mostly 
arrested in arterioles, are seldom the site of meta- 
static tumors. 


TABLE 2 


DISTRIBUTION OF STAINED CELLS COM- 
PARED TO DISTRIBUTION 


OF TUMORS 
(Emboli in Capillaries Only) 
Stained cell Tumors 
(per (per 
sq. cm.) sq. cm.) 
Iris 142.0 Confluent 
Pituitary 65.4 Confluent 
Adrenal 38.8 117.1 
Kidney 28.8 99.1 
Thyroid 3.0 1.1 
Diaphragm 2.0 2.7 
Testis 2.6 
Masseter 0.9 1.1 
Spleen 0.8 0.1 


When the number of stained cells per sq. centimeter 
is counted in capillaries only, correlation between dis- 
tribution of stained cells and of tumors in the several 
organs is excellent. 


HistoLtoeic Features oF TUMORS IN THE 
Various OrGANS 


Iris—Tumors arose with almost equal fre- 
quency in capillaries of papillary projections and 
in larger, thin-walled vessels in the body of the 
iris. The stained cells were found in these same lo- 
cations. 

Pituitary—Tumors rapidly became confluent 
and therefore could not be counted. The stained 
cells were found mostly in sinusoids, and in greater 
numbers in the posterior than in the anterior lobe. 
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Adrenal.—Both early metastases and stained 
cells were found chiefly in the cortex close to the 
capsule (Figs. 4 and 5). As the tumors grew, they 
extended toward the medulla. The dead cells did 
not penetrate the capillaries quite so far toward the 
medulla as did the living cells. 

Kidney.—Tumors arose as numerous minute 
foci nearly always in the glomeruli, taking origin 
either from the glomerular capillaries or from the 
afferent arteriole at its junction with the glomeru- 
lar capillaries. These tumors filled the glomeruli, 
and eventually the capsular space surrounding the 
tufts, before invading the surrounding tubules. 


The embolic stained cells were found in exactly the - 


same locations, and occurred as single cells and 


TABLE 3 


DISTRIBUTION OF STAINED CELLS 
COMPARED TO DISTRIBUTION OF 
SPONTANEOUS METASTASES 


Stained cells Tumors 
Descending (Pearce and Brown) 
order of Per cent 
involvement involvement 
Kidney Kidney 50 
Adrenal Adrenal 32 
Eye Eye 16 
Diaphragm Diaphragm 13 
Pituitary Pituitary 11 
Spleen Testis 7 
Thyroid Spleen 3 
Testis Thyroid $ 


The organs in the first column are arranged 
according to the frequency with which stained 
cells lodged in their capillaries after injection 
into the left side of the heart. The second column 
presents the order of frequency of spontaneous 
metastases reported by Pearce and Brown. There 
is good agreement between the two columns. 


small clusters of from two to four cells. Tumors 
rarely occurred in the medulla, and the stained 
cells were never found there. 

Spleen.—As shown in the tables, almost all the 
embolic stained cells were found in the arterioles 
rather than in the capillaries or sinusoids, where 
very few cells were found. It appears to be signifi- 
cant thst the number of metastases in the spleen 
is small, corresponding to the inability of the cells 
to escape from the arterioles. | 

Thyroid.—As in the spleen, few embolic stained 
cells were found in the capillaries; and, correspond- 
ingly, there were few metastases. 

Muscle.—The small number of embolic cells cor- 
responds with the known, relatively small flow of 
blood to muscle. 


COMPARISON BETWEEN THE DISTRIBUTION OF STAINED 
EmBo ic CELLS AND SPONTANEOUS METASTASES 
From these experiments it is concluded that the 
relative number of tumors arising in various or- 
gans depends on the number of embolic cells lodg- 


ing in the capillaries. If this is true, the distriby. 
tion of the embolic stained cells should make jj 
possible to predict the distribution of spontaneous 
metastases. Fortunately, adequate data may he 
found in the literature detailing the distribution of 
spontaneous metastases of the Brown-Pearce ty. 
mor. In Table 3 the data of Pearce and Brown (6) 
on the frequency distribution of spontaneous me. 
tastases are compared to the frequency that would 
be predicted on the basis of embolic stained cells 
in these experiments. To make our data com. 
parable to those of Pearce and Brown, the number 
of stained cells per square centimeter in the capil- 
lary bed of each organ was multiplied by the vol- 
ume of that organ. It is seen that agreement with 
Pearce and Brown’s data is good. The conclusion 
therefore seems justifiable that the distribution of 
metastatic tumors corresponds to the distribution 
of tumor cell emboli. 


DISCUSSION 


In 1889 William Paget (5), in explaining the 
distribution of metastases in human cancer, 
likened tumor emboli to “seeds” falling in “soils” 
of different degrees of fertility. A contrary position 
was taken by James Ewing (4): “The mechanism 
of the circulation will doubtless explain most of 
these peculiarities, for there is as yet no evidence 
that any one parenchymatous organ is more adapt- 
ed than others to the growth of embolic tumor 
cells.”” Thus, we find stated two hypotheses: the 
“soil” and the mechanical. 

In this and in three preceding papers we have 
described experiments planned to decide which 
hypothesis more nearly represents the facts. Neces- 
sarily, these investigations have been made upon 
experimental animals, since adequate and properly 
controlled data on human cancer are, and will re- 
main, unavailable. 

In the first paper (2) the question was asked: Is 
the low frequency of secondary tumors in some or- 
gans due to chemical factors that prevent embolic 
cells from forming tumors or to the scarcity of em- 
bolic cells that reach these organs? The former ex- 
planation was not well supported. When cell sus- 
pensions of the V2 rabbit carcinoma, a tumor that 
rarely produces spontaneous metastases in orgalls 
other than the lungs, were injected into the left 
side of the heart, tumors developed in almost all 
the organs. It seems likely, therefore, that the 
rarity of metastases in these organs does not de- 
pend upon chemical inhibition but upon the m- 
frequency with which emboli reach these organs: 

Next, we attempted to answer the following 
question: Are metastases common in liver and kid- 
ney but rare in spleen and muscle because tumo 
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Fic. 1.—Photomicrograph of a renal glomerulus in which 
a previously fixed and stained cell has lodged in the capillary 
loops, following injection of a suspension of the cells inte the 
left side of the heart. The deeply stained cell is seen near the 
center of the photograph adjacent to the entrance of the 
afferent arteriole. 600. 


Fic. 2.—Photomicrograph of a renal glomerulus that has 
been largely replaced by proliferating tumor cells. A suspension 
of viable tumor cells had previously been introduced into the 
left side of the heart. « 520. 


Fic. 3.—Photomicrograph of spleen. In the center is a 
thick-walled arteriole in which an embolic stained cell has 
lodged, following injection of a suspension of these cells into 
the left side of the heart. X 600. 


Fic. 4.—Photomicrograph of adrenal gland showing an 
embolic stained cell lying within a capillary of the cortex. 
x 600. 


Fic. 5.—Photomicrograph of adrenal gland showing tumor 
nodules in the cortex, as a result of injecting a suspension of 
viable tumor cells into the left side of the heart. The neoplastic 
cells are smaller and their cytoplasm stains darker than the 
adrenal cortical cells. 300. 


ig 
3 
a 
4 
% 
- 
- 
q 
44 
3 
3 


; 
De 
& 
a 


2 


ae 


& 


4 
te 
As + 


r 


> 


3 
4 
> 
A 
7 
4 
{ 
d 
1% 
d 
of 
i 


spleen 
3 hypothesis) was not well supported. When tumor 
tra 
" ,ats, and rabbits, the tumors obtained a blood sup- 
| ply and grew as rapidly in muscle and spleen as in 


liver and kidney (3). 
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cells have difficulty in obtaining a blood supply 
| and stroma and therefore are unable to grow well in 


and muscle? This explanation (the “soil” 


nsplants were imbedded in these organs in mice, 


It is well known that metastases are common in 


| the vertebral column, shoulder-girdle, pelvis, and 
skull. Is this high frequency dependent upon pe- 
' culiarly favorable “soil” conditions or upon the fa- 
 cility with which emboli reach these bones? In a 
recent paper (1), evidence is presented that great 
> numbers of embolic tumor cells may be carried to 
" these bones by way of the paravertebral veins, in 
rabbits and in rats, thus acounting for the fre- 
' quency of secondary tumors. 


In the several types of experiments just sum- 


‘marized, no support is found for the “soil” hy- 
‘pothesis. Rather, the inference is that metastasis 
' depends upon how many emboli reach the capil- 
‘lary bed of a given organ. 


This conclusion is well supported by the experi- 


_ments reported in the present paper: where emboli 
' were numerous, tumors were numerous; where em- 
' boli failed to reach the capillary bed in good num- 
_ bers, few tumors grew. 


The main support for the chemical explanation 


| of tumor distribution has been the scarcity in man 
_ of metastases in such organs as muscles, and their 


frequency in bones. These peculiarities of tumor 


distribution have now been satisfactorily account- 
ed for by the relative number of tumor emboli 
reaching these organs. Species differences in dis- 
tribution of tumor emboli no doubt exist and pre- 
sumably account for minor differences in frequency 
distribution in organs of man and of experimental 
animals, but the general principle seems well es- 
tablished: the distribution of secondary tumors de- 
pends upon the mechanics of circulation, i.e., upon 
how many emboli reach the capillary bed. “Soil” 
lactors, if they exist at all, must play a minor part. 

Of additional interest is the fact that in these 
‘xperiments tumors arose when the majority of 
emboli consisted of single cells or small clumps of 
from two to four cells. This is in contradiction to 
the assumption that has been presented in the 


; literature (7) that sizable clumps rather than single 
cells favor the formation of a metastatic tumor. 
: Our results indicate that the embolic cells that are 
Successful in establishing tumors are either single 


y in clusters tiny enough to penetrate into the 
capillary bed. 


SUMMARY AND CONCLUSIONS 


Experiments were designed to determine wheth- 
er or not the arterial distribution of secondary tu- 
mors can be accounted for by the mechanics of 
circulation and the consequent distribution of em- 
bolic tumor cells. 

The tumor selected was the Brown-Pearce rab- 
bit tumor. Suspensions of fixed and stained tumor 
cells were injected into the left side of the heart in 
20 rabbits, and the subsequent distribution of the 
cells was determined by microscopic section. The 
number of embolic stained cells per square centi- 
meter was calculated for the various organs. In an- 
other series of 23 animals, viable cells were simi- 
larly injected, and the distribution of resulting 
tumors was determined. 

When the total number of stained cells reaching 
an organ was compared with the number of tumors 
in that organ, correspondence was only fair. How- 
ever, if only those embolic cells that lodged in the 
capillaries were considered, correspondence was 
excellent. Thus, the greatest number of emboli per 
square centimeter was found in iris, pituitary, 
adrenals, and kidneys; the smallest number in 
muscle, thyroid, and spleen. The same frequency 
distribution was found for the tumors. 

These results, with the tumor and species stud- 
ied, are in agreement with the hypothesis that the 
distribution of metastases is adequately accounted 
for by the mechanics of circulation and the conse- 
quent distribution of embolic tumor cells. In the 
organs studied, the role played by local chemical 
*‘soil” factors is evidently a minor one, if it exists 
at all. 
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Comments and Communications 


With the ever-increasing numbers of manu- 
scripts being submitted for publication, the neces- 
sity for brevity and concomitant clarity of papers 
assumes an ever-increasing importance. There is 
no objection to the length of papers, provided that 
the data warrant it; the difficulty is with the flatu- 
lent style. Most authors realize the necessity for 
conciseness, but some are far too wordy, re- 
dundant, and repetitious in style. The following 
quotation was selected from a reviewer’s com- 
ments concerning a recent manuscript, and it 
clearly expresses this problem. 

‘“‘The inclosed treatise is representative of pres- 
ent day doctoral dissertations which are often 
formidable volumes, and possibly rightly so, since 
they satisfy the candidate’s ego, give evidence of 
his erudition, and present items for extended 
philosophical discussion by his examining com- 
mittee. These considerations, however, have no 


bearing on publication in scientific journals; the 
dissertation is rarely, if ever, published in igi 
Cancer Research must maintain a balance by pub. 
lishing only the essential material which cannot 
be found elsewhere. 

“All authors rebel at the necessity of condensing 
their material, but it is too often the fact that 
prolixity conceals rather than reveals. In the pres. 
ent instance, I have had to work very hard to 
excavate the essential facts from the accompany- 
ing obiter dicta. 1 doubt that the reader’s interest 
can be maintained in the face of all this spade- 
work. It is also possible that I have missed perti- 
nent ideas and facts. If so, that is all the more rea- 
son for this manuscript to be revised spatially and 
rhetorically. If the purpose, method, and results 
cannot be perceived clearly, it is because the paper 
is not properly written.” 
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